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This invention relates to the aluminum reduction of 
halides of metals from Groups IV, V, and VI of the Peri- 
odic Table. 

Aluminum has been previously used as a reducing agent 
in the reduction of refractory metal halides. For exam- 
ple, titanium tetrachloride has been passed through a bed 
of aluminum at temperatures in the range of 400° C.- 
600° C. to form 'lower titanium chlorides. However, the 
reaction rate at these temperatures is relatively slow. On 
the other hand, at temperatures a'bove 600° C., the alu- 
minum particles soften and stick together, and yields be- 
come negligible. 

The present invention concerns a process for operating 
an aluminum reduction of refractory metal halides in an 
agitated bed at temperatures above the melting point of 
aluminum. This process comprises contacting in a reac- 
tion zone the vapor of a refractory metal halide with an 
agitated bed of solid particles, having aluminum at the sur- 
face thereof. The -maintenance of aluminum at the sur- 
face of the bed particles may be accomplished by the use 
of a bed composed of aluminum alloyed with one or more 
of the Group IV, V, and VI refractory metals. Such 
alloys melt well above the melting point of aluminum 
(e.g., 96% AM% Ti melts at albout 1000° C. and 98% 
Al-2% Zr melts at about 1000° C.), and it is found that 
they will react with the refractory metal halides at tem- 
perates above aluminum's melting point without the for- 
mation of a liquid phase which would cause the particles 
to stick together. When such an alloy is used, the bed 
particle may be wholly of such alloy or the alloy may be 
present as a coating on an inert particle. As an alter- 
native to these means for providing aluminum at the sur- 
face of the bed particles, it is possible to feed metallic 
aluminum particles to an agitated bed which may toe com- 
posed of inert particles or metal particles composed of one 
or more of the Group IV, V, and VI refractory metals or 
alloys thereof with aluminum. When aluminum is intro- 
duced -into the agitated -bed, it is supplied at a rate relative 
to the introduction of the halide so that there is an 
insufficient amount of unreacted aluminum in the bed to 
form a liquid phase and cause the toed particles to stick 
together. 

The reduction reaction of this invention is carried out 
at temperatures above the melting point of aluminum and 
the dew point of the metal halide vapor reactant, but be- 
low the melting points of the lower refractory metal chlo- 
ride and alloys formed by the reduction reaction. Oper- 
ating temperatures usually lie between 700°C.-1200° C., 
and preferably between 775° C.-1000 0 C. By contacting 
the metal halide with aluminum at the surface of the bed 
particles at these temperatures, there is a conversion of 
the refractory metal to a -lower oxidation state which is 
accompanied by the formation of by-product aluminum 
halide which passes out of the bed as a vapor. ' Since the 
refractory metal products are produced in a solid state, 
they are easily recovered. Aluminum consumed during 
the reduction reaction may ibe replenished by the inter- 
mittent or continuous addition of aluminum particles to 
the agitated bed during the course of the reaction. Of 
course, such an addition should be slow enough to prevent 



the accumulation of any appreciable amount of unreacted 
molten aluminum in the bed. 

The refractory metal halides useful as starting materials 
in this invention are SiCU, TiOLi, ZrCl 4 , HfCI 4 , ThCl 4 , 
5 VC1 4 , NbCl 5 , CrCl 3 , M0CI5, WC1 6 , and WC1 5 . Although 
silicon tetrachloride is not usually referred to as a refrac- 
tory metal halide, it is felt that for the convenience of 
clarity in describing this invention, it is proper to include 
the halides of silicon within the term "refractory metal 
10 halides." In the -process of this invention, the silicon 
halides are always reduced to elemental silicon. How- 
ever, the other refractory metal halides may be either par- 
tially reduced to lower chlorides or completely reduced to 
the metallic state. In -general, the formation of lower 
15 chlorides rather than complete reduction to the metal is 
favored by using lower temperatures, shorter contact 
times, or by restricting the amount of aluminum to near of 
below the stoichiometric requirement based on the amount 
of incoming chloride. However, toy increasing the rela- 
20 tive amount of aluminum, raising the temperature, and 
increasing the retention time, the reduction becomes more 
complete and the major product is. the refractory metal 
alloyed with aluminum. It was also discovered that when 
the aluminum is fed to the top of the fluidized bed, there 
25 is a greater tendency toward lower chloride formation, 
while introducing the aluminum at the bottom of the bed 
favors reduction to the metal. This was surprising in view 
of the fact that a fluidized bed is considered to (be a 
thoroughly mixed system. This effect may be due to the 
30 achievement of a relatively longer retention time in con- 
tact with aluminum-rich particles. The ratio of the 
amounts of vaporous chloride and aluminum supplied to 
the reaction zone is not at all critical provided the alu- 
minum feed rate is below that which causes agglomera- 
35 tion of particles due to liquid phase. A large stoichio- 
metric excess of aluminum operates to reduce the chloride 
more completely to an aluminum-rich alloy, the only limit 
being the formation of an aluminum alloy melting below 
the operating temperature. By changing the stoichiometry 
40 to a large excess of the vaporous chloride, the produc- 
tion of lower chloride is favored. Such large excesses of 
the chloride are used in obtaining partial reduction of the 
less active metals of the Fifth and Sixth Groups. Ex- 
tremely large excesses, of course, result in non-reduction 
45 of part of the incoming chloride, but the process still 
operates to produce some lower chloride. 

The attached drawing shows an apparatus which may 
be used to carry out the process of this invention. 

Referring now to the drawing, the inlet pipe 1 serves 
to admit a stream of carrier gas such as argon to the 
vaporizer 2, which is kept at the desired temperature by 
heating element 3. The gas stream carrying the vaporous 
chloride passes through tube 4 to the base of the column 
5. Tube 4 as well as the reaction zone is maintained 
above the dew point of the vaporous chloride being con- 
veyed through it. The body of solid particles to be fluid- 
ized is supported in the column by the perforated plate 
7. The column itself which forms the reaction vessel 
may be constructed of fused silica. The cooler acces- 
sories such as pipes 4,. the aluminum feeder 10, hopper 
11, and the various collectors and traps 15, 18, and 19 
may be made of glass or a suitable metal and connected 
to the silica with suitable ground joints or couplings. The 
base of the column is heated by elements 9 and the in- 
sulating jacket 8 may contain heaters to maintain the de- 
sired temperature in the particle bed or reaction zone 6. 
The top of the column and exit arm 13 are also heated 
at least above the condensation temperature of AICl 3 . 
The entering tube 23 admits aluminum, preferably in 
70 granular form, from the vibrating feeder 10 through a 
flexible connector. The top opening 12 may be used for 
the initial charging of the fluidizable solids as well as 



50 



60 



05 



3,2 

3 

for insertion of a thermocouple. Once the relationship 
between the inside temperature at 6 and the outer wall 
temperature is established experimentally, the internal 
thermocouple is preferably removed and the temperature 
control derived from thermocouples placed between the 
column 5 and the insulation 8. The cyclone 15 and col- 
lector 16 are maintained above the dew point of the alu- 
minum halide by-product. Condensers 18 and 19 are 
used to collect unreacted refractory metal halide and by- 
product aluminum chloride. When the refractory metal 
halide is titanium tetrachloride or silicon tetrachloride, 
condenser 18 is cooled to condense the aluminum halide 
but maintained above the dew point of the refractory 
metal halide which is subsequently recovered in condenser 
19. With the other refractory metals, condenser 18 is 
cooled to condense the refractory metal halide but main- 
tained above the dew point of aluminum chloride which 
is subsequently recovered in condenser 19. The side arm 
20 is an alternative location for feeding aluminum. The 
tube 24 supplies auxiliary fluidizing gas to the bed. Side 
arm 21 with the plug 22 serves as a discharge means for 
the solid particles in 6. The system is of course protect- 
ed from contaminating entrance of air, moisture, etc. 

A preferred embodiment of this invention comprises 
feeding titanium tetrachloride up through a fluidized bed 
of inert particles, such as sand, maintained between about 
775° C. and 1000° C, while feeding aluminum particles 
to the top of the fluidized bed at the rate of about two 
atoms of aluminum for three molecules of TiCl 4 fed, and 
passing the products of the reaction evolved from the 
top of the bed into a second zone where they are cooled 
below 700° C; preferably, they are rapidly cooled to 
temperatures in the range of about 300° C. to about 600° 
C, whereupon a product rich in titanium dichloride is 
recovered. 

The second or quenching step, when applied to this 
process, results in a lower chloride product of minimum 
valence, such as a product rich in TiCl 2 , ZrCl 2 , or HfCl 2 . 
The cooling may be provided in a number of ways. A 
cooled walled passage suffices although the product tends 
to build up on the wall and a scraping mechanism is em- 
ployed for its recovery. Quenching by the introduction 
of cooler inert gases or vapors is useful. Recycling of 
aluminum chloride, especially in the condensed state, ef- 
fects excellent cooling. The quench cooling may be ap- 
plied at the cyclone collector shown in the drawing for 
separating the lower chloride product from by-products 
and carrier gases. 

In another preferred embodiment, niobium pentachlo- 
ride is vaporized and carried in a stream of argon into 
a fluidized bed of niobium-aluminum alloy particles main- 
tained at about 775-1000° C. Granular aluminum is 
simultaneously fed to the bed to replenish the aluminum 
consumed in the by-product aluminum chloride and in 
the alloy formed in the process. The particulate nio- 
bium-aluminum alloy product is periodically or continu- 
ously removed from the fluidized reaction zone and re- 
covered. 

For a clearer understanding of the invention, the follow- 
ing specific examples are given. These examples are in- 
tended to be merely illustrative of the invention and not 
in limitation thereof. Unless otherwise specified, all parts 
are by weight. 

Example I 

An apparatus as illustrated in the drawing was used 
for the reduction of TiCl 4 . The reaction column 6 was 
3.5" I.D. and contained four pounds of — 90-{-120 mesh 
alumina particles. These particles were maintained at 
875° C. and fluidized by a flow of argon at .374 linear ft. 
per second, the gas velocity calculation being based on 
the cross-sectional area of the empty column. In this 
example, the vaporizer 2 was maintained at 200° C. and 
the TiCI 4 was metered into the vaporizer where it flash- 
vaporized into the argon stream. Pure granular alumi- 
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mum metal, +140 —10 mesh, was fed to the top of the 
column. 85 grams of aluminum and 2 lbs. of TiCI 4 were 
fed simultaneously over a 15 min. period. The pipe 13 
connecting the column with the cyclone was held at about 

5 400° C. and the cyclone separator held at about 300° C. 
The aluminum chloride condenser 18 was held at 150° C. 
while the condenser 19 was water cooled to recover the 
unreacted TiCl 4 . During this period, 403 grams of fine, 
crystalline lower chloride of titanium, TiCl 2 .2, were col- 

10 lected in the cyclone, representing a yield of 67% of the 
TiCl 4 . About 250 gms. of TiCl 4 were recovered at the 
condenser. About 12 gms. of titanium alloyed with alu- 
minum was found in an Al-Ti coating on the alumina bed 
particles. In a subsequent operation of similar nature, 

15 it was found that the titanium alloy residue in the bed 
could be converted to lower titanium chloride and alu- 
minum chloride by merely discontinuing the aluminum 
feed for a few minutes while continuing the flow of TiCl 4 
which reacts with the titanium as well as the aluminum in 

20 the alloy coating. 

Example 11 

The apparatus used was essentially the same as used 
in Example I, except that the silica reaction column was 

25 about 6' long. The column was filled to a depth of about 
1 ft. with 100 mesh alloy of the approximate composition: 
AlTi. Argon was admitted to fluidize the alloy particles 
and the temperature of the bed raised to 950° C. The 
vaporizer was heated to 250° C. and TiCl 4 admitted at 2 

30 gram mol per minute. Aluminum powder was simultane- 
ously fed to the lower portion of the bed through inlet 20 at 
a rale corresponding to about 3.5 gram atoms per gram 
mol of TiCI 4 . These conditions involve a longer reten- 
tion time in the bed, a higher temperature and great- 

°° er proportional aluminum feed than in Example I, and 
such conditions favor the production of a titanium-alumi- 
num alloy which builds up on the initial alloy particles. 
After 20 minutes of operation, approximately 20% of the 

^ Ti values fed to the reactor was collected as lower chlo- 
rides in the cyclone separator, while 50% was converted 
to metallic Ti-Al alloy and the remainder was recovered 
in the condenser as unreacted TiCl 4 . The individual alloy 
particles recovered from the bed varied somewhat in 
composition. The particles were well mixed to insure 
uniformity, and a sample was then analyzed and found to 
contain about 30% Al. 

Example 111 

50 TiCl 4 was reduced as in Example I except that when 
the TiCl 4 Avas fed to the vaporizer the argon supply was 
cut back to zero during the first 3 min. of the run, thus 
depending on the flow of TiCl 4 and by-product A1C1 3 
vapors to maintain the fluidized condition in the bed. 

55 The products obtained were approximately the same as in 
Example I. 

Example IV 

In an apparatus as shown in the drawing, the vaporizer 

60 was provided with a series of shelves around the inside 
walls. These shelves were charged with solid zirconium 
tetrachloride. The incoming argon and the vaporizer were 
held at 300-310° C. to provide approximately an equi- 
volume mixture of argon and ZrCl 4 vapor which fluidized 

65 a bed composed of —100 -j-200 mesh Zr maintained at 
850-900° C. Aluminum particles were fed to the top of 
the bed at a rate stoichiometric with the formation of 
ZrCl 2 . This rate was adjusted on the basis of the rate of 

7Q argon flow since both the argon and the ZrCl 4 were fed at 
the same volume rate. After about one-half hour of oper- 
ation, zirconium values in the form of a zirconium-alumi- 
num alloy, zirconium dichloride, and zirconium tetra- 
chloride were found, respectively, in the bed, the cyclone 

75 separator, and the first condenser. 
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Example V 

To illustrate the effect of temperature control on this 
process, an apparatus as shown in the drawing was used. 
The reaction chamber was a silica tube six feet high with a 
three-inch inside diameter tube for the reaction chamber. 
Sand was used as the inert bed material, while the argon 
and TiCl 4 mixture was fed at a rate which gave a reten- 
tion time of 4.5 seconds in the bed. Aluminum was simul- 
taneously fed to the top of the bed at the rate of 2 mols Al 
for each mol of TiCl 4 . The resulting titanium lower chlo- 
rides were carried out with the vapors and recovered in a 
cyclone separator. 

In the first run, the reaction, temperature was 775° C, 
and in the second run, the reaction temperature was 900° 
C. In both the first and second runs, the cyclone separa- 
tor was operated at 500° C. A third run was made at 900° 
C. f but in this run the silica tube leading to the cyclone 
separator and the separator itself were cooled to about 
350° C. The results were as follows: 
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The alloy initially produced in this invention by the 
simultaneous introduction of aluminum and the refractory 
chloride to the reaction zone may be quite high in alumi- 
num. However, according to this invention, it is possible . 
to reduce the aluminum content of 4he alloy by stopping 
the aluminum feed while the flow of vaporous chloride 
is maintained. The high-aluminum alloy particles will then 
react with the chloride. The aluminum of the alloy seems 
. to react faster than the refractory metal, and the result 
is an alloy of lessened aluminum content; e.g., as low 
as 3 to 6% Al in the case of titanium and somewhat lower 
in the case of the less reactive metals. 

Other embodiments not described above may also be 
employed in this invention. The vaporous chloride sup- 
plied to the reaction zone may be produced by any suit- 
able means. Although vaporization prior to introduction 
into the fluidized solids is preferred, vaporization in the 
fluidized zone is something practicable. For example, the 
less volatile normally solid chlorides, some of which sub- 
lime, such as ZrCI 4 , may be fed as powder or crystals 
to the reaction zone where vaporization occurs promptly 
at operating temperatures. If meltable chlorides are fed 
in solid form, the rate of feeding should be such that 
vaporization is complete before any appreciable quantity 
of a liquid phase develops in the bed. The aluminum 
particles fed to -the bed should be relatively small so as 
to provide as much reaction surface as possible, but they 
should be above the size which will become entrained in 
the gas stream and carried out of the reactor with the prod- 
ucts and by-products. The correct sizes may be deter- 
mined experimentally for the operating gas flows which are 
being used. Since the instant process is carried out at 
temperatures of about 700° C. or higher, it is obvious that 
•a particle of pure aluminum, which melts at about 660° C. 
could not long exist in the solid state in the reaction zone. 
The pure aluminum reducing agent can, however, be fed 
at substantially the rate at which it is consumed without 
forming a distinct liquid phase in the reaction zone. It 
is probable that the aluminum reacts as soon as it reaches 
melting temperature to form a non-liquid alloy. Any 
traces of liquid aluminum are spread by the vigorous ac- 
tion of the bed over the particles in a film so thin and short- 
lived that no evidence of a liquid phase appears. The- 
oretically, there is an upper limit on the rate at which 
aluminum may be fed to the reactor, depending upon the 
rate at which the other reactants are fed. However, the 
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reaction has proved to be so rapid that no maximum rate 
has yet been found experimentally. It is also possible to 
feed molten aluminum to the reaction zone provided the 
feed rate is controlled so that the aluminum is consumed 
rather than being allowed to form a pool of unreacted 
aluminum. The aluminum may, of course, be supplied as 
particles of an appropriate aluminum-rich alloy. For ex- 
ample, Al-Si may be fed to the reactor to reduce SiCl 4 
or to reduce other elements, such as TiCl 4 . AI 3 Ti is an- 
other such alloy. Alloy produced in the reaction may be 
removed intermittently or continuously during the reac- 
tion to regulate the bed volume or to maintain the correct 
particle size for fluidization. The larger particles may be 
selectively removed from the bottom part of the fluidized 
bed. The bed material may also be removed in part, sized 
and returned. Such a step helps to remove fine particles 
which have resulted from erosion or from chemical action 
on the initial alloy particles. If fine particles are not re- 
moved or enlarged by setting up alloy-producing condi- 
tions in the reaction zone, these lines may carry over un- 
desirably to the lower chloride collection zone. 

In the process of this invention, the main reaction is 
thought to take place at the solid surface containing the 
aluminum. However, some associated reactions may occur 
near by in the vapor phase. To facilitate the reaction, 
there should be good contact between the incoming gase- 
ous reactants and the reaction surface. The best way of 
achieving this desired contact is in an agitated bed of 
particles containing available metallic aluminum. Agi- 
tation is best obtained by fluidization of the particles by 
the reactant gases and their carrier gases. Another alter- 
native, usually less desirable, is to feed the higher chlo- 
rides to a rotating or tumbling reaction chamber or to a 
zone wherein the particles are agitated. 

Carrier gases may be used to help fiuidize the particles 
and to convey the vaporous chlorides into the reaction 
zone. These gases may be chosen from the inert gases 
like argon, helium, neon, etc., or recycled aluminum 
chloride vapor. Hydrogen may also be used, although due 
to its inflammability, a hazard is introduced. The hy- 
drogen is not consumed as a reducing agent in the presence 
of aluminum, and hence is substantially inert. These 
gases and vapors which constitute the process fluids of this 
invention also carry the solid lower chloride product parti- 
cles out of the reaction zone for subsequent separation 
and recovery. 

The temperatures maintained in the process steps fol- 
lowing the reaction zone are governed by the properties 
of the substances produced. The temperatures are usual- 
ly successively dropped on going from the reaction col- 
umn through the lower chloride product collection, the 
higher chloride recovery, and the aluminum chloride con- 
densation. When titanium tetrachloride is the reactant, the 
aluminum chloride is condensed before the residual TiCl 4 . 
In the lower chloride collector, which may be a cyclone 
type or a high temperature filter, the temperature is kept 
above the dew point of both the aluminum chloride and 
the unreacted higher chloride, and preferably above the 
boiling point of AIC1 3 , to prevent adsorption of the alumi- 
num chloride on the lower chloride product. 

Elements other than the refractory metals having vapor- 
izable chlorides reducible by aluminum may be co-reduced 
in this process to form part of the alloy end product. 
Examples of such chlorides are BeCI 2 , BC1 3 , FeCl 3 , PdCl 4 , 
PtC! 4 , and SnCI 4 . Frequently, mere traces of these ele- 
ments will greatly benefit an alloy. 

The inert particles used in this invention are com- 
prised of substances which have melting and thermal de- 
composition points above the operating temperature. 
They should be mechanically strong enough to resist any 
substantial pulverizing by the agitation employed, at least 
until protected by the alloy coating. They should be 
capable of holding the alloy coating and substantially 
non-reactive with the alloys or other ambient substances. 
Suitable inert materials are sand, silica, alumina, quartz, 
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zirconia, zircon, magnesium oxide, calcium oxide, porce- 
lain, silicate minerals, fluorspar, sodium fluoride crystals, 
etc. They should be of proper size to be satisfactorily 
agitated or fluidized in the reaction zone without being en- 
trained in the gas stream to the extent that they leave 
the reaction zone. This may, of course, be controlled by 
known factors including shape and size of cross-section 
of the reactor, etc. in relation to the quantity of gases 
used. 

In the foregoing discussion, it has been shown that both 
refractory metal particles and inert particles become 
coated with various aluminum alloys while in the reaction 
zone. This invention, therefore, includes the process of 
producing such alloy-coated particles. For example, the 
particles used in the bed may be spheres, rods, fibers, 
flakes, etc. designed for a subsequent use such as grinding 
media or specialty pigments or fillers. This coating step 
is not limited to the principal bed particles which may be 
powders or coarse particles capable of being agitated 
or fluidized, but may be applied to larger bodies suspended 
in the fluidized bed. One particularly useful application 
is coating turbine blades with an oxidation-resistant alloy 
containing, for example, aluminum, tantalum and silicon. 
Various metal working tools and extrusion dies may be 
coated with wear-resistant alloys by suspending them 
in a suitable bed where the aluminum reduction of the 
chlorides of the alloy-forming metals is being carried out. 
In many cases, the alloy coating will be initially too high 
in aluminum. As previously explained, this aluminum 
may be decreased to a desired level by an after-treatment 
with the chloride of one or more of the refractory con- 
stituents of the alloy. For example, a steel die may be 
coated with an alloy containing Al, Mo, and Si by sus- 
pending it in a fluidized bed of sand while feeding alumi- 
num, MoCl 5 , and SiCl 4 to the bed. When a suitable layer 
of the alloy is formed, the aluminum feed is stopped, and 
the flow of M0CI5 and/or the SiCl 4 is continued to de- 
plete the aluminum content of the alloy. Many varia- 
tions are possible in this application of the invention with 
respect to both the composition of the coating and the 
order in which the refractory elements are deposited on 
the object. Thus, multiple layers of varying or graded 
composition may be formed. Such deposits may, of 
course, be subject to subsequent heat treatments for the 
purpose of homogenizing or diffusing into the base metal. 
Ceramic or high-melting glass bodies may be similarly 
coated. Sheets or other forms may be hung in the 
fluidized solids reaction zone to be given a conductive or 
reflecting coating. 

The process of this invention has various uses since 
two general types of product result: namely, alloys and 
lower chlorides. In either case, the process shows clear 
advantage over prior art methods. For example, re- 
fractory metal alloys useful as master alloys are pro- 
duced directly in powder form, thus eliminating the work 
of melting, casting, and grinding to powder. As already 
described in Example I, these alloys are formed as thin 
coatings on the particles in the reaction zone. This offers 
the unique possibility of placing objects to be coated di- 
rectly in this zone. 

The lower chlorides produced by this method are ex- 
ceptionally free of contamination. A small trace of 
AICI3 may be adsorbed thereon, but heating in a vacuum 
or stream of inert gas will reduce this to substantially 
zero. These pure lower chlorides are highly suited for 
addition to electrolytic processes wherein they are re- 
duced to the metal. 

There are several commercial uses for the lower chlo- 
rides such as TiCl 3 , ZrCl 2 , TiCl 2 , CrCl 2 , in their sub- 
stantially pure form. When they are produced by known 
methods using sodium or magnesium as reducing agents, 
the lower chloride products dissolve in the by-product 
NaCl or MgCI 2 and the pure product cannot be isolated. 
In the case of the prior art reduction by aluminum at 
temperatures up to 600° C, it is difficult or impossible 
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to completely consume the aluminum. This aluminum 
residue is also very difficult to separate from the lower 
chloride product, and its presence impairs its utility. In 
the preparation of the lower chlorides according to this- 
invention, the lower chloride product is separated from 
the aluminum as a result of being swept out of the re- 
action chamber, whereupon it is collected as a crystal- 
line powder. Advantageously, the method is ideally 
adapted to continuous operation for production of both 
lower chlorides and the alloy particles. The further ad- 
vantage of this invention lies in the unique method of 
coating particles and solid objects with the refractory 
alloy composition produced. 

Since it is obvious that many changes and modifications 
can be made in the above-described details without de- 
parting from the nature and spirit of the invention, it is 
to be understood that the invention is not to be limited 
to said details except as set forth in the appended claims. 

The embodiments of the invention in which an ex- 
clusive property or privilege is claimed are defined as 
follows: 

1. A process for the chemical reduction with aluminum 
of a refractory metal chloride selected from the group 
consisting of SiCl 4 , TiCl 4 , ZrCI 4 , HfCI 4 , ThCl 4 , VC1 4 , 
NbCl 5 , CrCl 3 , MoCl 5 , WC1 6 , and WC1 5 , which comprises 
contacting in a reaction zone substantially free of any 
liquid phase the vapor of at least one of said chlorides 
with an agitated bed of solid particles, said particles 
having aluminum at the surface thereof, said reaction zone 
being maintained at a temperature above the melting point 
of aluminum and the dew point of the chloride vapor and 
below the melting point of the refractory metal products 
being produced, thereby forming by-product aluminum 
trichloride vapor and solid products containing said re- 

35 fractory metals in a lower state of oxidation. 

2. The process of claim I in which the refractory 
metal chloride is titanium tetrachloride. 

3. The process of claim 1 in which the refractory metal 
chloride is niobium pentachloride. 

4. A process for preparing alloys which comprises feed- 
ing aluminum and at least one vaporous, refractory-metal 
chloride selected from the group consisting of SiCl 4 , TiCl 4 , 
ZrCI 4 , HfCl 4 , ThCI 4 , VC1 4 , NbCl 5 , CrCl 3 , MoCl 5 , WCI 6 , 
and WCI5, to a reaction zone containing a fluidized bed 
of particles of a refractory metal of a said chloride main- 
tained in the temperature range of 800° C. to 1000° C, 
said aluminum being fed at a rate less than that which 
causes agglomeration of said particles and in at least the 
stoichiometric proportion to completely reduce said 
vaporous chloride, removing aluminum chloride by- 
product vapor from said bed and recovering additional 
refractory metal alloy formed in said bed. 

5. The process of claim 4 wherein the aluminum is 
fed to the lower portion of the fluidized bed. 

6. A process for coating a solid object with metal com- 
prising contacting in a reaction zone substantially free 
of any liquid phase a vaporous, refractory metal chloride 
selected from the group consisting of SiCl 4 , TiCl 4 , ZrCl 4 , 
HfCI 4 , ThCl 4 , VC1 4 , NbCi 5 , CrCl 3 , MoCI 5 , WC1 6 , and 
WCI5, with an agitated bed of solid particles, said par- 
ticles having aluminum at the surface thereof, said re- 
action zone having suspended therein and in contact with 
said solid particles the solid object to be coated, main- 
taining said reaction zone at a temperature above the 
melting point of aluminum and the dew point of the 
chloride vapor and below the melting point of the re- 
fractory metal present in said chloride, thereby reducing 
said vaporous metal chloride with said aluminum and 
forming a metal coating on said solid object. 

7. The process of claim 6 wherein the metal chloride 
is titanium tetrachloride. 

8. The process of claim 6 wherein the metal chloride 
is niobium pentachloride. 

9. The process of claim 1 wherein there is additional- 
ly present a minor amount of vaporous chloride of an 
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, , Abstract 

The feasibility of producing TiAl and other titanium- 
aluminide compounds by reacting M with TiCI, has been 
explored. Th is process Is similar to the well known Kroll and 
Hunter processes for producing pure Ti. The chemical 
reaction for the formation of TiAl from TiCt, and A I is as 
follows: 

3Tia t '7M^2T,Al*4AlCL 

Based on available thermodynamic data, calculations 
revealed this reaction is energetically favored above 600°C 
At lower temperatures T»CL is only partially reduced to TiCI, 
and AIJL Experiments, utilizing a fluidi2ed bed reactor" 
were used to react AJ powder with TiCI, at either 600 and 
740 4 C, and the resultant powder was characterized by X-ray 
diffraction. At <500°C the powders transformed to AljTi and 
Al,Tij. At 740°C, the product was dependent on the size of 
the initial Al powder in the bed. Small Al powders (<IOO 
Jim) transformed to a combination of TI,AI and TiAl, where 
as, larger powders transformed to AI,Ti and TiAl. The results 
demonstrate that it is possible to produce aluminides by 
reducing TiCI, with Al; however, to produce a uniform 



reaction product, such as single phase TiAl, precise control 
over the reaction conditions is required. 

Introduction - 

Titanium-aluminide based alloys are emerging as a potential 
structural muemL These alloys possess numerousdes irable 
properties {]], such as a low density Q.6 g/cm J ) high melting 
point (I460T). high modulus (160-l80GPa), high strength 
(o r , - 350-600 MPa) and useful oxidation resistance (up to 
800°C). Further, recent advances in alloy development has 
solved the problem of low temperature brittleness of the 
compound. For instance, TiAl alloys have measured room 
temperature fracture toughness as high as 35MPa.ni" 2 , and 
room temperature tensile ductility of 4 percent [ 1 J. However, 
presently the cost of manufacturing components from TiAl 
has hindered wide spread use of this alloy; particularly for' 
non-aerospace/defense applications [2J. Thus.-there is a need 
for low cost processing of TiAl based materials-Most cost 
reduction efforts havefocused onsecondary operations, such 
as casting and form ing. However, regardless of whether the 
final component is fabricated via powder or melt pressing 
the source for the starting TiAl stock always is elemental Ti 
and Al. While a large percentage of cost can be attributed to 
secondary operations, the cost of primary operations (eg 
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taction temperature (*C) 
*mn «• An e qui „ brium , mgnm for Ihe T ^ ma[n . § reactionprodum forreflctiM ^ 



Si* , reduc,n S ™* either Ma 

me.tld T V-*^ f0rm) ' * hich 1 subsequent 
-W to form a Ti-ingot and remelied to form a Ti alloy 

dtaS£ P °!f !b ! B 10 tilttnium -alumlnide compound, 
directly by reducing TiC/, with AJ. as follows [ 4J: P 

^) C0 H P S Ch4n,tea ' * TiA.- 



(2) 



partially reduce Tin ,~ r ^ AI ma y on 'X 

U icij or TiCl,), aluminum-chloride fAJCI an,* 
auminidesrTlAl ti ai t- """l*"-'*; and tiranium- 
and AL • ' " ^ ^ ^iduai elemental Ti 

Equilibrium calculations were carried out for the TV At n 

concentracloL of^ZJZ ° n ' y * e 
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pamally reduce TICI, to TiCU and A I Ti a! * 
temperatures above about 600- C « ctfon 0?^ 
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conversion ofTid fn Tu i- ' near ^""Pete 

■ , " or IU ' l ° TiAl is predicted at about 700»r a - 
he mole fraction of TiAJ approaches rm , 
« g to not.thar^ 



342 



m 




Amount of.A.I In reactants (mot) 
(a) 



1.0 



I I o.a 

t 

IS o.« 



5a 
o o 

a 3 0.2 



0.0 



> . ■ T - 700'C 




! TiC^ - 1 mol 




/ 

TIAI / 


\ A< 

\ / * '« T 1 




V 

■ ■ i ' 1 1 ■ 1 1 f 



■ « 2 J 4 J 

Amount of Af In reactants (mol) 

(0 




0 ' 2 ... J"' 4 j 

Amount of Al in reactants (mol) 

- • «>) 




Amount of Ai in reactants (mol) 



(d) 



Figure 2. .nHuence of A, content on J-JJ^^p^ « (a) 300: (b) 500; (c) 700; 



temperatures (e.g.. > |000°C). pure Ti is a 
thermodynamically predicted reaction product. 

Figure I was generated fora stoichiometric concentration of 
reactants (i.e.. 3 moles TiCI, and 7 moles Al). Of course it 
is feasible to operate with different amounts of reactants'in 
non-sriochiometric conditions. Figure 2 shows the effect of 
Al content on the equilibrium alurtiintde reaction products 
at 300. 500. 700 and^OO'C. These calculations were 
generated with a constant TiCI, content of I mol. 
Therefore, an Al content of 2.33 mol corresponds to the 
stoichiometric amount required for reaction (2). At the 
lower temperatures the-'reaction product is independent of 
the concentration of the reactants (Figs 2a). That is. Alji 



is the favored reaction product (Fig 2a). However, ar 
elevated temperatures, the reaction products are very much 
dependent on the relative concentration of the reactants 
(Figs 2b, 2c and 2d). TiAl is the predominate (or favored) 
reaction product when the ratio of Al to TiCI 4 «aciants is 
less than about 3.5. As the ratio ofAl to TiCI, increases, the 
excess Al will further react with any aluminides that have 
formed from the TiCI, (e.g., TiAl), resulting in the 
formation of AljTi as the predominate reaction product. 

There are, however, two more.xhermodynamically stable 
alumintde compounds, Ti.AI, and Ti,Al. The 
thermodynamic properties of these compounds, 
unfortunately, are not in most published thermochetnical .. 
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data bases (including HSC) Despite these limitations the 
conclusion of the thermodynamic analysis is that thc ? 
aluminoihcrmic reduction of TiCl, to form fiAl is feasible. 

Experimental 

A fluidized bed reactor was designed to react Al powder 
with gaseous TiCl,. A schematic of the reactor is shown In 
Figure 3. Simply, a fluidfzed bed suspends a mixture of 
particles in an upwardly flowing gas stream. Theflujdized 
bed reactor utilized for the-' present investigation- was 
designed to react a fixed amount of Al in the bed with a 
constant source of TiCI« flowing through the gas stream. 
Initially, there will be an excess of Al in the bed relative to 
the TiCI,; and thus, Aj 3 Ti should form as predicted in Figure 
2- even at elevated temperatures. As an experiment 
T">sre 9 se< and th»>M-Js^ < nr ai nrt.d*R»tming aluminides the 
relative amount of pure Al to TiCl, in the reactor decreases 
and conversion to TiAl is predicted. 

Experiments were performed in a small (420x30 mm) 
- quartz mbw^Beeause quartz is transparent, visible 
observations of the powaeTbetf -wero- possible: therefore 
easy adjustments to the flow of gas through the reactor to 
facilitate flu.dization of aluminum powder could be made 
Typically, the bed was bimodal mixture of I gram of 60 urn 
Al powder and 2 grams of 400 um Al powder. This powder 
mixture was selected because it was fo«nd to flu idize quite 

-Z ™ f " T u Md 85 M incrt rarrier fcr flying 
^e Trcr, through the reactor. An experiment began by 
flu-dizmg aluminum powder with Ar. Wnen the reactor 



valve 





furnaces , ... _ 
^ boiling T1CI4 

(T=136 e C) 



fluidized Al 
powder bed 



^^lapered quartz- 
tube reactor 



Figure 3. Schematic of ihe fluidized bed reactor. 
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reached the desired temperature, gaseous TiCL was 
. Introduced into the Ar by passing the Ar stream over boil i DC 
TiCI,. (TiCl, boils at 1 36°C). " g 

Experiments were performed at 600«C and 740'C The 
reactor was nm at temperature for about 1 hour.- Prior to 
heating to 740T. the Al was fluidized with an Ar and TICl 
mixture at 400-C for 20 minutes. The TTCJ, flow was* 
stopped and the reactor was heated from 400 to 740'C with 
, only pure Ar.fUwing through the reactor. When the reactor 
reached temperature; the TiCI, flow was restarted This 

l? aM ZZ^ nted * e mc,ting of the A ' U P°" heating 
above 660-C; hence, the experiments occurred in the solid* 
state and correspond to reactions between TiCI, and Al or 
AI,TL The resultant powder was analyzed by standard 
powder X-ray diffractomeuy. 

Results and Djgcugjgn, 

At 600»C the Al powder transformed to AlVfl and AUTu 
(Figure 4). Present in trace amounts (e.g., < 10 percen ) 
were unreached Al a „d several tlcaniu^XKd 
aIummum : chlonde phases (m the diffraction pattern in Fig. 
4 an aluminum-chloride hydrate, AICI^O, is shown) 
These results correlated well with the prediction of the 
thermodynamic analysis, that is a combination of TiAl and 
Al,Ti should form. Clearly, the discrepancy that AJ,Tt» 

analysts due to the lack of data for Al jT i, Al was also 
present mtraceamounts, this was probably due to the large 
Al partes (400pm) in the fluidized bed not fully reacting 

Tt.e product removed from the reactor after operating at 
740Cw as ,f il5ti leached in.waterto remove thechloriL - 

(100 um opening) to separate the fine (60 pm) p'owdare 
from the coarse (400 um) powders of ie bed. The fine 

ray d-ffracfon revea ed that the coarse powder (those mat 
M not p ass through the screen) consisted of primarily 
AI,Ti with a trace amount of TiAl. 

^ Ir ^r,' alUminide phases formed *e 
reaction of T.CI, wj (h the immediate lower Tl-content 

alum.ntde phase, orin otherwords. TiAl formed from t.CI 

reac,,ngw«hAI,Ti, The reaction s^encewas fSldS - 

The transformation along this chain will be influenced by 
the reaction kinetics associated with both the dissociation 
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Figure 4. X-ray diffraction scan obtained on AI- powder reacted with TiCI, at 60#C. ■ 
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Figure 5. X-Ray diffraction scan obtained on fine <40um) AI powder reacted with TiCI. at 740'C. 



of Ti from TiCI 4 and the diffusion of Ti and AI through any 
intermediate reaction product (such as AljTI). Hence the 
coarse (400um) a! panicles were not held at 740'C for a 
long enough time period to convert past Al/Tj. Whereas I 
hour at 740°C wassufficienr to convert the 60um AI to TiAl 
and TijAI. 

Figure 6 reveals the morphology of the fine TiAl powder 
produced by reacting 740»C. Clearly, the morphology of 
the TiAl powder is quite different from the starting helium 
atomized AI powders (compare Figure 6a with Figure 6b) 



The morphology of the TiAl powder, is characteristic of 
powder produeed by chemical synthesis techniques. 

Clearly, it is possible to make TiAl by reduction of TiCI, by : 
A). However, the formation of a uniform product will - "■ 
require precise control of the operating conditions (e.g., - 
temperature and TiCI^AI ratio), which was not possible V' 
with the experimental apparatus- utilized in these initial 
experiments. Further, the characteristics ofthefluidizedbed 
(e.g... powder size and shape) wilt also influence the 
reaction products. 
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Fta thwarting a| powder: and ( bJ the TiAl powder priced by reacrfng ar 740 . c 



Tia Tu ° efit -° f fhe dlrCCt fomwion of TfAJ from 
TiC! »s the econom.es of thi s process. Based on a cost of 

S0.60 per pound for aluminum and $0.48 per pound for 

TtCl, the cost of raw materials for a pound of TIA1 is 

Tm'JZ t 0 "*!? 1 f? C0St of raw maleria,s fo ' Cueing 

cheiVj P ° r t,Canium s P on ** M «"y commerce 
che m ,ca, processes utilize fluid*ed bed reactors. Hence, 
Ac techno/cgy exists for ^ so|id . 5tate 

from T,C « and Al powders on an industrial scale Further 
8as.atom.zed AI powder is readily available. Hence * 

molten Al with a gaseous mixture containing TiCL and 

he .ndusmal mfrascructure for processing readily exS 
today ( B0 new technology is required) and the cost of 
Z a1 M ^j! 1 ^" ^conventional melt method 
cost method for producing TiAl. 

Summary and, Cnnd..^ 

The feasibility of producingTiAl directly from TiCI, and Al 
was demonstrated. At temperatures below 600»C the 
IS:" CSS Wf " b ' AbTl At temperatures 

conTnt alumi^ ? 1 C ° nVert Al " "'Sh^itanium 
content alumm.de phases. Fine (60 Mm ) Al powders were 



convened to a combination of T iA J a nd T liA l in a fluidized 
bed reactor operahng at 740'C for I hour. For uniform 
product formation, precise control over the SJS 
conditions is required. ~ reaction 
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(57) ABSTRACT 

A method of producing an elemental material or an alloy 
thereof from a halide or mixtures of halides is provided. The 
halide or mixtures thereof are contacted with a reducing gas 
in the presence of reductant material, preferably in sufficient 
quantity to convert the halide to the elemental material or 
alloy and to maintain the temperature of the reactants at a 
temperature lower than the boiling point of the reductant 
material at atmospheric pressure or the sintering temperature 
of the produced elemental material or alloy. 
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METHOD OF MAKING ELEMENTAL MATERIALS 
AND ALLOYS 

FIELD OF THE INVENTION 

[0001] The present invention relates to the field of the 
production of elemental materials and alloys. 

BACKGROUND OF THE INVENTION 

[0002] Often it is desirable to obtain substances in their 
elemental forms or high quality alloys of these substances in 
order to use them in certain high-end applications, for 
example, sports and leisure activities. However, in nature 
most substances are not readily accessible in their elemental 
forms. 

[0003] For example, frequently titanium occurs in ores as 
a dioxide or mixed oxide with iron. Because of titanium's 
affinity for gases and most metals in the periodic table, it is 
quite difficult to extract elemental titanium from its ores. 
Consequently, in order to obtain elemental Ti, complex and 
now well-known processes have been developed. Unfortu- 
nately, these processes, as well as similar processes for 
obtaining other elemental materials can be cumbersome and 
costly. 

[0004] Many naturally occurring substances either exist as 
halides or are easily converted into halides. These halides 
may be reduced to their elemental forms by any one of a 
number of well-known processes. For example, titanium 
tetrachloride (TiCl 4 ) may be reduced to Ti through the use 
of reducing agents such as hydrogen, carbon, sodium, cal- 
cium, aluminum or magnesium. 

[0005] Methods for reducing halides in order to obtain 
elemental materials have been developed for both batch and 
continuous processes. One example of a method for the 
reduction of a precursor material in a batch process is the 
magnesium reduction of titanium tetrachloride to produce 
elemental titanium. Unfortunately, the product of this type of 
batch process requires significant material handling, which 
provides opportunities for contamination and variation in 
quality from batch to batch. Consequently, a significant 
amount of effort has been directed toward developing con- 
tinuous reduction processes. 

[0006] Several different continuous processes for produc- 
ing elemental materials have been developed. For example, 
it is known to use Na to reduce TiQ 4 to Ti powder at a 
temperature of between 350 and 800° C. This process can 
efficiently produce Ti powder from TiCl 4 at a reasonable 
cost. Thus, it has high commercialization potential. How- 
ever, the product Ti powder has a relatively high oxygen 
concentration, which causes powder sintering. Further, in 
this process there is an undesirable cumbersome step of 
separating the Ti powder from Na. Still further, Na can be 
costly, is of limited supply and must be handled carefully. 

[0007] Another method for reduction of a precursor mate- 
rial, for example, for the production of titanium, uses plasma 
technology to change the thermodynamics of the elemental 
Ti formation by vaporizing and ionizing it. However, due to 
the high melting temperature of titanium metal, most plas- 
mas operate at temperatures of above 4000° C. Therefore, 
the high energy consumption and the limited refractory 
material availability render this process expensive. 



[0008] Another known method involves the use of an 
electron beam to produce Ti powder. This process is con- 
ceptually similar to a plasma process, that is, by utilizing the 
high temperature from an electron beam, one may produce 
Ti powder. Unfortunately, this process also consumes a great 
deal of energy and can be costly. 

[0009] Still another known method uses mechanochemical 
technology to produce Ti powder. In this process, TiO z / 
TiCl 4 and CaH/MgH are first milled to produce TiH+CaO 2 / 
CaG 2 at temperatures from room temperature to 700° C. 
Then, TiH is annealed in a vacuum to produce Ti powder. 
This process is still in the early stage relative to industrial 
utilization, and thus far, it appears that the products of this 
method may suffer from being impure and having slow 
reaction rates. 

[0010] In addition to these processes, it has long been 
known to produce spongy TI by electrolysis of Ti0 2 in a 
fused salt bath. In one known process, Ti0 2 is directly 
electrolyzed in fused CaCl 2 at approximately 950° C to 
produce a Ti sponge, and the sponge is converted to a 
powder. Unfortunately, due to the limitations of current 
technology, it is difficult, if not impossible, to avoid oxygen 
contamination on the product since the Ti sponge is pro- 
duced on the surface of Ti0 2 . 

[0011] The aforementioned methods all suffer from being 
unable to produce sufficiently pure elemental materials in a 
sufficiently economical manner. Because of the limitations 
of these methods, the ability to produce high quality alloys 
containing these elemental materials is also limited. The 
present invention provides a solution to these problems by 
providing methods for economically producing sufficiently 
high quality elemental materials and alloys. 

SUMMARY OF THE INVENTION 

[0012] The present invention is directed to the production 
of elemental materials and alloys of those materials from the 
halide precursors thereof, and provides methods for produc- 
ing elemental materials and alloys of metals and non-metals. 
The elemental materials and alloys may, for example, com- 
prise Al, As, Sb, Be, B, Ta, Ge, V, Nb, Mo, Ga, Ir, Rh, Os, 
Ru, Pt, Pd, Ti, U or Re. Preferably, according to the methods 
for producing these materials, accompanying the reduction 
of the halide precursor is the production of a significant 
amount of heat. 

[0013] In one embodiment, the present invention provides 
a method of producing an elemental material, said method 
comprising: 

[0014] (a) combining a precursor material with a 
reducing gas to form an elemental material and a first 
reaction product, wherein said precursor material 
comprises a halide of an elemental material; and 

[0015] (b) exposing said first reaction product to a 
reductant material to form a reduclant-halide. 

[0016] Under this embodiment, typically the first reaction 
product will be a gas or vapor, while the second reaction 
product is a solid, liquid, gas or mixture thereof, and the 
concentration of the first reaction product is controlled by 
the formation of the reductant- halide. 

[0017] In a preferred embodiment, the present invention 
provides a method of producing Ti, said method comprising 
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introducing TiCl 4 in the form of a vapor or droplet to H 2 to 
produce Ti and HC1, and exposing the HC1 to a reductant 
solid or liquid selected from the group consisting of Al, Mn, 
Mg, Na, Ca, K, Li, Ba Be, Ce, Cs, Hf, Pa, Rb, Sr, Th, U, and 
Zr. 

[0018] In a second embodiment, one may form an alloy by 
using a seed material in connection with the first embodi- 
ment. 

[0019] In a third embodiment, the present invention pro- 
vides a method for producing an alloy by combining more 
than one precursor material with a reducing gas to form an 
alloy material and one or more first reaction products. The 
one or more first reaction products are in turn exposed to a 
reductant material. 

[0020] The present invention can be used in batch or 
continuous processes. However, the present invention is 
particularly beneficial when used in continuous processes. 
Accordingly, the present invention provides methods for 
producing elemental materials and alloys through continu- 
ous processes that have capital and operating cost advan- 
tages over existing technologies. 

[0021] Additionally, the present invention is particularly 
beneficial in connection with reduction reactions that pro- 
duce elemental materials and alloys from the exothermic 
reduction of precursor materials, and preventing the sub- 
stances that are produced from sintering onto the appara- 
tuses used to produce them. In addition to providing meth- 
ods for producing elemental materials and alloys thereof, the 
present invention provides a means for recovering and 
reusing the reducing gas, thereby substantially reducing the 
environmental impact of the process. 

BRIEF DESCRIPTION OF THE FIGURES 

[0022] FIG. 1 is a representation of the titanium tetrachlo- 
ride and reductant-metal injection reactor of continuous 
titanium powder production by hydrogen and reductant 
materials. 

[0023] FIG. 2 is a representation of the fluidized-bed 
reactor of continuous titanium powder production by hydro- 
gen and reductant materials. 

[0024] FIG. 3 is a representation of the processing steps of 
continuous titanium powder production by hydrogen and 
reductant materials. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] According to the present invention, a precursor 
material or a set of more than one precursor materials is 
exposed to a reducing gas to yield a metal, non-metal or 
alloy and one or more first reaction products. The one or 
more first reaction products are exposed to a reductant 
material to form a reductant-halide or reductant-halides. The 
combination of these steps enables the precursor material or 
set of more than one precursor materials to be converted 
efficiently into an elemental material or an alloy. 

[0026] The present disclosure is not intended to be a 
primer on the formation of elemental materials or alloys. 
Readers are referred to appropriate available texts for back- 
ground on these subjects. 



[0027] According to one embodiment of the present inven- 
tion, an elemental material is produced through a two-step 
process. An "elemental material" is a substance that is 
present in its elemental form, e.g., Ti or Co, as opposed to 
in its ionic form or as part of a chemical compound. Thus, 
it has a valence of 0. 

[0028] First, a precursor material is converted by a reduc- 
ing gas into an elemental material. At the same time, a 
by-product comprising a halogen moiety and the element or 
elements of the reducing gas is formed. This reaction is the 
"first reaction." 

[0029] Second, the aforementioned by-product of the first 
reaction, which is referred to as a "first reaction product," 
reacts with a reductant material both to form a new sub- 
stance comprised of the halide of the reductant, and to 
re-form the reducing gas. This reaction is the "second 
reaction." Preferably, there is sufficient manipulation of 
mixing and turbulence of the gas or vapor in the system such 
that they are strong enough to ensure that the concentration 
of the corresponding first reaction product is controlled by 
the second reaction. Thus, the formation of the elemental 
material is executed in the first reaction, and due to ther- 
modynamics, is driven by the second reaction. 

[0030] The precursor material will preferably be a metal or 
non-metal halide. The halogen within the precursor material 
may for example be CI, Br, F or I or a combination thereof, 
but is preferably CI, Br, F or a combination thereof. Further, 
preferably, the precursor material comprises a halide of at 
least one substance selected from the group consisting of Ti, 
Al, As, Sb, Be, B, Ga, Ge, Mo, Nb, Ta, Zr, V, Rh, Ir, Os, Ru, 
Pt, Pd, Re and U. Examples of precursor materials include, 
but are not limited to TiCl 4 , VC1 4 , NbCl ? , MoCl 4 , GaCl 3 , 
UF 6 and ReF 6 . Further, the precursor material is preferably in 
the form of a vapor or droplet, referred to herein as a "halide 
vapor or droplet." If the precursor material is not in the form 
of a vapor or droplet, preferably, it will be converted into a 
vapor or droplet. 

[0031] Methods for converting a precursor material into a 
vapor or droplet are well-known to persons skilled in the art, 
and include but are not limited to dissolving the precursor 
material in a solvent and heating the solution or exposing it 
to an already heated gas. 

[0032] The precursor material may be introduced into an 
environment that contains the reducing gas by, for example, 
submerging the precursor material in the reducing gas 
through an injector. Preferably, the injector will comprise a 
nozzle. The precursor material may be added to the reducing 
gas under conditions in which the gas is static or flowing; 
however, it is preferable to introduce the precursor material 
to the reducing gas when the reducing gas is a continuous 
stream. 

[0033] The reducing gas reduces the precursor material to 
the elemental material. This first reaction is preferably 
exothermic, though as is well known to persons skilled in the 
art, the kinetics of the reduction for different reducing gases 
and/or different halides will be different. 

[0034] The reducing gas may, for example, comprise one 
or more substances selected from the group consisting of I-L, 
1-LS, NH 3 , CH 4 , CH 3 C1, CHXU, CHC1 3 , CH 3 NH., CH 3 SH, 
CH,, C.H 4 , CH 6 , C.H 5 C1, C 3 H 4 , C 3 H 6 , C 3 H 8 , C 4 H J0 , 
C 4 H 8 , C 5 H^, CF 4 , CF 3 Q, CFXL, CFC1 3 , CHF 3 , CHFX1, 
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CHFC1 2 , CF 3 — CF 3 , CF 3 — CF Z C 19 CF 2 C1--CFC1 2 , D 2 , 
B 2 H 6 , GeH 4 , and SiH 4 . When TiCl 4 is to be reduced, 
preferably the reducing gas is H 2 , H 2 S, CH 4 , or NH 3 . H 2 is 
particularly preferable because it is clean, abundant, and 
relatively inexpensive. 

[0035] Depending on the particular reducing gas or com- 
bination of reducing gases that is used, combining a par- 
ticular precursor material with the reducing gas may gener- 
ate one or more different first reaction products. 

[0036] Optionally, the precursor material may be intro- 
duced to the reducing gas by being transported by a carrier 
gas. By way of example, any of the substances identified 
above as reducing gases may serve as carrier gases. Thus, 
the precursor material may be transported by a carrier gas 
that is the same chemical species as or a different chemical 
species than the reducing gas and then combined with or 
submerged in the reducing gas. Alternatively, the precursor 
material may be combined with an inert gas alone such as 
He, Ar, or N 2 , which will serve as a carrier gas, and then 
combined with the reducing gas. When TiCl 4 is to be 
reduced, preferably the inert gas is Ar or He. In one 
embodiment, the carrier gas comprises both one of the 
aforementioned gases that are described as reducing gases 
and an inert gas. 

[0037] After the first reaction begins and a first reaction 
product has been produced, the reductant material will react 
with the first reaction product and reduce and control its 
concentration in the system. The two reactions may occur 
simultaneously, instantaneously or sequentially. In this u sec- 
ond reaction," the reductant is preferably a solid, for 
example, a powder or pellet, or a liquid. For TiCl 4 reduction, 
by way of example, the reductant may be one or more 
substances selected from the group consisting of metals such 
as Al, Ba, Be, Ca, Ce, Cs, Hf, K, Li, Mg, Mn, Na, Pa, Rb, 
Sr, Th, U and Zr; and non-metals such as the oxides Cr0 2 , 
Cs0 4 , K0 2 , K0 4 , Na0 3 , Na0 4 , Rb0 4 , U0 2 , and VO. The 
specific reductant solids or liquids that may be used in a 
particular application to reduce the product of the reducing 
gas and precursor material will, as discussed below, depend 
on the chemical and physical properties of the precursor 
material that is selected. 

[0038] When there is sufficient excess of the reductant 
material over the stoichiometric quantity needed to react 
with the first reaction product, the temperature of the powder 
non-metal or metal that is produced may be controlled to 
prevent the powder from depositing on the equipment. 
Preferably, the reductant material will, based on stoichiom- 
etry, be present in greater than 6% excess relative to the first 
reaction product. As with the reducing gas, the reductant too 
may be added through a nozzle and in a continuous stream. 

[0039] The reductant metal or non-metal is selected such 
that it forms a more stable halide material (the "second 
reaction product" or ''reductant-halide") than the precursor 
material. The reductant-halide may be a solid, liquid, gas or 
mixture. However, it is important that the reductant-halide 
has a lower or more negative free energy of formation than 
the precursor material under the selected operating condi- 
tions. One may use more than one reductant material in a 
given system, though if more than one reductant is used, 
preferably each reductant forms a halide with lower forma- 
tion free energy than the precursor material or materials that 
are reduced. 



[0040] The above-described first reaction and second reac- 
tion may occur in one reactor, such as in a fluidized bed, or 
under conditions that prevent the precursor material from 
contacting the reductant material, such as in separate but gas 
permeable reactors or chambers that permit vapor to travel 
between them, and the concentration (or amount) of at least 
one of the products from the first reaction is controlled by 
the second reaction. During the combining of the precursor 
material with the reducing gas and optional carrier gas, one 
preferably maintains a sufficient turbulence or mixing in 
order to ensure an effective reaction of the first reaction 
product with the reductant material in the second reaction, 
and the concentration of the first reaction product in the 
system is controlled by the second reaction. Preferably, the 
precursor material is contacted with or submerged in a 
stream of reducing gas in the presence of the reductant 
material. 

[0041] After the elemental material is formed, it should be 
separated from the other substances. Because there are two 
reactions that take place, under carefully controlled condi- 
tions, the elemental material and the reductant will not come 
into contact with each other regardless of whether being 
present in the same reaction vehicle. And more important is 
that the reductant-halide product will preferably not be 
formed on the surface of the elemental material. In these 
circumstances, the produced elemental material will be a 
powder that is not contaminated by the reductant or the 
reductant-halide. Consequently, the elemental material may 
easily be separated on the basis of methods known to 
persons skilled in the art for separating materials based on 
size and/or density, including but not limited to filtering and 
cycloning. 

[0042] For example, one may use H 2 as the reducing gas, 
which under the preferred operating conditions of the 
present invention will cause the first reaction product to be 
gaseous HC1. Under these conditions, the HC1 is easily 
separated from the Ti powder and will be able to react with 
the reductant material to form the reductant-halide; the 
formed reductant-halide is not physically (or mechanically) 
trapped by the Ti powder. By way of an additional example, 
one may use Al as the reductant to produce Ti from titanium 
tetrachloride. Al has a low boiling point, and A1C1 3 will be 
a vapor under preferred operating conditions. Thus, the Ti 
powder would be easily separated from the A1C1 3 . 

[0043] Further, the reductant-halide and re-formed reduc- 
ing gas may be separated into constituent parts. The re- 
formed gas may be reused for the process described above 
or used to reduce other substances or in other applications in 
which such gases may be used. Similarly, the reductant- 
halide can be recovered and used. 

[0044] Due to the limitations of most operating conditions, 
there may be some amount of unreacted precursor materials 
and first reaction products that will need to be treated or 
further processed. Recovered unreacted reductants may be 
used to treat these or additional first reaction products. 

[0045] In one preferred sub -embodiment, Ti powder is 
produced according to the above -described method. When 
forming Ti powder, the Ti powder may be nucleated from the 
gas phase, if the thermodynamic driving force is great. 
Preferably, in generating the Ti powder, one uses a relatively 
large size reductant powder, pellet or droplet. This permits 
the newly produced smaller titanium to be carried to a 
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further downstream area in a continuous-process injection 
reactor or to be carried out from the top in a fluidized-bed 
reactor, where it is easily separated and recovered. 

[0046] Although not wishing to be bound by any one 
theory, it is believed that the benefit of the present invention 
is possible by forming one or more reductant-halides in the 
second reaction that have lower formation free energies 
(also referred to as larger negative formation free energies) 
than the precursor materials, when stoichiometric equiva- 
lents are compared. 

[0047] As is well known to persons skilled in the art, 
precursor materials that contain halides may be reduced in 
the presence of a reducing gas such as hydrogen. For 
example, titanium tetrachloride may be reduced in the 
presence of hydrogen to form elemental titanium and hydro- 
chloric acid. However, typically reactions such as these are 
not favored thermodynamically and must be carried out at 
elevated temperatures. 

[0048] The thermodynamics of a reaction is reflected in 
the Gibbs fee energy of the reaction. Exemplary standard 
Gibbs free energies are provided in Table I below for both 
TiCl 4 and other chlorides that represent potential reductant- 
halide compositions, as well as precursor materials in and of 
themselves. 

[0049] The reaction of Ti with M 2 is provided below in 
Formula I: 

TiCl 4 +2H 2 ->TiJ+4HCl (Formula I) 

[0050] According to the present invention, by causing the 
halide product of this type of reaction, to enter a second 
reaction that forms a product with a lower formation free 
energy than the initial precursor material, the first reaction 
will be continuously driven to the right in order to compen- 
sate for the removal of the halide product of the first 
reaction. Due to thermodynamics, this will enable the first 
reaction to be carried out under a lower temperature, and 
thus be more cost-effective. 

[0051] As is implied by this theory, for a given precursor 
material, it is important to select a reductant for which the 
product has a lower formation free energy than the precursor 
material and thus forms a more stable reductant-halide than 
precursor halide to drive the first reaction. If this is not the 
case, it will not drive the reaction described in Formula I to 
the right. 

[0052] For a selected precursor material, the reductant 
material that can effectively facilitate reduction to the 
elemental material will be thermodynamically independent 
of the reducing gas. Thus, changing the reducing gas will not 
affect the selection of the reductant material from the point 
of view of thermodynamics, though it will affect the rate of 
the reaction via kinetics. 

[0053] For example, if one were to continue with the 
reaction described above, one could use a metal such as Al, 
Mn, Mg, Na or Ca to generate a metal chloride and gaseous 
hydrogen. If one were to select Na, the reaction would be 
represented by Formula II: 

HCl+Na— ViH.+NaC] (Formula II) 

[0054] As is reflected in Formula II, the elemental mate- 
rial, in this case the titanium described in Formula I, does not 
appear. In this second reaction, hydrogen gas is regenerated 



and sodium chloride is formed. More Ti is formed in 
response to the removal of Na, but its chemical form will not 
change. One additional benefit is that the hydrogen gas is 
regenerated and can be reused, while the amount of hydro- 
chloric acid that will be produced is reduced. 

[0055] The function of hydrogen in the overall TiCl 4 
reduction reaction is like a catalyst. But to be exact, hydro- 
gen is not a catalyst in the reaction because it is a reactant 
of the primary reaction and then a product of the second 
reaction. The participation of H 2 in the two reactions also 
greatly reduces the difficulty of the separation and increases 
the quality of the product because there is no physical 
trapping between the produced elemental material and the 
reductant-halide. 

[0056] The above-described process preferably takes 
place at a temperature that is sufficiently low that the 
elemental material that is produced is quenched by contact 
with the reductant solid or liquid. Additionally, it is prefer- 
ably below the sintering temperature of the elemental mate- 
rial. Moreover, it is desirable though not necessary to be able 
to run the reaction at atmospheric conditions. 

[0057] FIG. 3 demonstrates a flow chart of one embodi- 
ment of this process. According to this process, TiCl 4 , 25, 
may be heated, for example at 400° C. by a heater, 39, to 
form a TiCl 4 vapor. This material is sent to a reactor, 30. Also 
sent to the reactor is H 2 , 20, that has been heated at for 
example, 600° C, 19, and an Al ingot, 26, that has been 
heated at for example, 700° C, 28, to form an Al liquid, 27. 
Thus, Al droplets, H 2 gas and TiCl 4 vapor will enter the 
reactor, 29. 

[0058] The TiCl 4 is reduced, and A1Q 3 vapor, Ti and H 2 
are formed, 31. These products are sent to a cyclone or filter 
separator, 32, and Ti powder may be recovered, 33. A1C1 3 
vapor, H 2 and residual TiCl 4 and HC1, 34, are sent to a 
cooling stage, 35, where the substances are cooled to a 
temperature of approximately 150° C. Following this stage, 
there may be another cyclone or filter separator stage, 36, 
that permits the recovery of anhydrous A1C1 3 powder, 37. 
The other substances may be sent to another cooling stage, 
for example a cooling apparatus that cools the products to 
less than 100° C, 23, which will permit recovery of TiCl 4 in 
the form of a liquid, 24, which can be reheated, 39, and 
returned to the reactor. The hydrogen containing substance 
may be sent to a scrubber, 22, and HC1, 21, may be sent for 
waste treatment, while H 2 , may also be sent back to the 
reactor. 

[0059] Under different circumstances that may, for 
example, be dictated by limitations of equipment, one may 
choose to vary some of the operating conditions such as 
using a vapor or droplet as a source of the elemental 
precursor and varying the operating temperatures and pres- 
sures. For example, under one process of the present inven- 
tion, one may use droplets of TiCl 4 , H 2 gas, and Al powder 
to generate Ti powder and a solid A1C1 3 by operating at 
<130° C. and at ambient pressure. Alternatively, one may 
use TiCl 4 vapor instead of TiCl 4 droplets and operate at 
130-177° C. and at ambient pressure, which would generate 
the same products. In still another variation, one may use 
TiCl vapor, H 2 gas and Al as a mixture of droplets and 
powder by operating at between 180 and 660° C. at pres- 
sures between ambient and 3 atm to generate Ti powder and 
A1C1 3 vapor. Still further, one may choose to operate at 
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greater than 660° C. at which temperatures all of the Al 
would be in the form of droplets, and at either ambient or 
elevated pressures to generate Ti powder and A1C1 3 vapor. 

[0060] From a practical point of view, using a reducing gas 
such as H 2 in combination with a reductant material is 
different from using the reductant materials only. Hydrogen 
changes the TiCl 4 reduction from a heterogeneous surface 
reaction on the reductant metal surface to a homogeneous 
gas reaction. 

[0061] Almost all heterogeneous surface reactions are 
limited by surface area, regardless of whether the reaction 
rate is controlled by surface chemistry or by mass transfer. 
If a reaction is controlled by surface chemistry, then the 
reaction rate will be proportional to the surface area. If a 
reaction is controlled by mass transfer, the reaction rate will 
be limited by the transportation of either reactant materials 
to the surface or the reacted products from the surface or 
both. 

[0062] Homogenous reactions are not similarly limited. 
Consequently, the change to a homogeneous gas reaction 
will result in a substantial increase in the reaction rate. This 
is particularly important for the reductant metals that have 
relatively small thermodynamic driving forces, such as Al 
and Mn, of which the overall-reaction Gibbs free energy for 
TiCl 4 reduction are -101,200 and -143,800 J/mol at 298° K, 
respectively. These small thermodynamic tendencies can 
more easily be nullified by the activation energies caused by 
the surface reaction, which leads to the very slow reaction 
rate or no reaction at all. 



[0064] However, if the reduction of TiCl 4 is performed 
according to the methods of the present invention, there will 
be two reactions, Formulas V and VI or Formulas V and VII 
below: 



TiCl 4 +2H 2 -*Ti+4HCl 
6HC1+2A1— 3H 2 +2A1C1 3 
TiCl 4 +2H 2 -«Ti+4HCl 
2HCl+Mn-»H 2 +MnCl 2 



(Formula V) 
(Formula VI) 
(Formula V) 
(Formula VII) 



[0065] By using the pairs of reactions represented by 
Formulas V and VI or Formulas V and VII, the activation 
energy of the reaction of Formula V is significantly lower 
than the activation energy to that of Formulas III or IV 
Additionally, if one uses excess Al or Mn to increase the 
surface area the activation energy of reaction of Formula VI 
or VII can be reduced. 

[0066] Further, as persons skilled in the art know, if TiCl 4 
is reduced solely by a metal, the newly-born titanium metal 
and the produced metal halide, most of which is solid or 
liquid under preferred operating conditions, will form simul- 
taneously on the surface of the reductant metal and be 
physically trapped by one another. Therefore, one must 
address how to separate the produced Ti product from the 
original reductant metal and reductant-halide. By contrast, 
using H 2 with metals changes the formation process of the 
titanium powder. The titanium powder can be nucleated 
from the gas phase and grown on it if the thermodynamic 
driving force is great enough. Even if when H 2 is used, the 
thermodynamic driving force is not great for nucleation 
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-1094.5 


1755 


4788 


300-2500 


cry, liq 


U 


UClVUCi 4 


-799.1/-930.0 


1135 


4134 


300-2500 


cry, liq 


Zr 
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*The Gibbs free energy is calculated and compared in the range of 300 to 2500 K, which is the pre- 
ferred rant of operation, but application will be beyond the range. 



[0063] For example, from the thermodynamic calculation, 
TiCl 4 can be reduced directly by Al or Mn. This reaction is 
summarized in Formulas III and IV: 

3TiCI 4 +4AWn+4AlCl3 (Formula III) 

TiCI 4 +2Mn-Ti+2MnCI 2 (Formula IV) 



under typical operating conditions, seeds can be added. The 
seeds may be either the same material as the to-be-reduced 
elemental material, such as Ti, or an easy-to-handle material 
such as AICI3. For the former type of seed, no separation 
step is necessary. The latter type of seed can be easily 
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washed out or vaporized in a relatively low temperature 
from the titanium powder. 

[0067] The means for combining the precursor material 
with the reducing gas and the reductant material are not 
limited to any one particular means, and any means that is 
now known or that comes to be known to persons skilled in 
the art that would be useful with the present invention may 
be used. For example, the precursor material may first be 
submerged in a static or flowing reducing gas and the first 
reaction product may be exposed to a reductant material in 
the form of a solid or liquid to form an elemental material 
and a reductant -halide. 

[0068] Under a preferred method, the precursor material 
and the reducing gas flow continuously through a device 
such as a nozzle with concentric portions. The elemental 
material and the reducing gas may flow through the inner 
nozzle while the reductant material flows through the outer 
nozzle. Under this embodiment, it will be preferable for the 
vapor flow to be turbulent. 

[0069] In a second embodiment of the present invention, 
one may use a seed to produce an alloy of elemental 
materials from a precursor material or to assist in forming 
the elemental material. According to this embodiment, a 
precursor material as described above, may be exposed to a 
reducing gas by for example, submerged injection in the 
presence of additional metal particles as seeds to reduce the 
halide on the seeds and to form an alloy with the seed 
material. As with the prior embodiment, the first reaction 
product would be contacted with a reductant solid or liquid 
material. 

[0070] During this process, which is preferably a continu- 
ous process, for TiCl 4 reduction, the seed may, for example, 
the one or more of the following, Al, B, Be, Ga, Sb, Ta, Mo, 
Nb, Sn, Cr, Fe, V, Mg, Na, Mn, Zr, or Ca, and the tempera- 
ture of the solid or liquid reductant away from where the 
halide vapor is introduced is preferably maintained in the 
range of from about -50° C. and 1200° C. Further, the seed 
may be the same substance as the element, in which case it 
facilitates the formation of the elemental material, or com- 
prise an element or elements that can form an alloy with the 
element of the precursor material. Preferably, the seed is a 
metal that can form a stable alloy with the substance in the 
precursor material to be reduced. 

[0071] The seed is preferably introduced as a particle or 
droplet through a nozzle, and may be introduced as part of 
the carrier gas described above. Additionally, the seed 
preferably possesses an average particle size in the range of 
0.1 micrometers to 1 millimeter. When using a seed, the 
immediate product from the reaction of the precursor mate- 
rial and the reducing gas may be a pre-alloy or elemental 
blend that may need to be subsequently treated to form an 
alloy that may be used commercially. 

[0072] For example, one may use this method to produce 
a Ti — 6A1 — 4V. Vanadium cannot effectively reduce TiCl 4 
under the preferable operating temperature and pressure. A 
mixture of fine Al and V powders with a weight ratio of 3/2 
for Al and V may be used as seeds, where the Al is in 6% 
stoichiometric excess relative to TiCl 4 . When this mixture is 
heated to above 660° C, such as 700° C, Al will become 
molten and V will stay as particles in the melt because of 
their different melting points. The melting point for Al and 



V are 660 and 1910° C, respectively. If this molten mixture 
is injected (at the temperature above 660° C, such as 700° 
C.) into the reactor at a certain speed as seeds, it may turn 
into individual vanadium particles surrounded with molten 
Al. If the HC1 concentration in the reactor is controlled by 
adding a stronger-reducing metal (e g. Mg or Na) the TiCl 4 
will be preferably reduced by H 2 but nucleated and grown on 
the surface of the seeds to form a Ti — 6A1 — 4V alloy or 
pre-alloy depending on the operating temperature. 

[0073] Alternatively, in a third embodiment an alloy may 
be produced by using more than one elemental precursor in 
the same reaction system. In this case, if two precursor 
materials that use the same halogen were used, at least one 
type of first reaction product would be formed. If different 
halogens were used then there would be more than one type 
of first reaction product, in which case collectively there 
would be "first reaction products." The third embodiment 
can be used in combination with the second embodiment. 
Thus, one could use a seed and more than one precursor 
material. 

[0074] In any of the embodiments, the elemental material 
or alloys thereof may, for example, be produced continu- 
ously in a fluidized bed at a certain flow velocity and 
turbulent pattern. The flow velocity and the pattern is 
preferably sufficient to keep the precursor material and the 
reductant material fluidized and the concentration of the first 
reaction product being controlled by the second reaction, 
which will depend in part on the parameters of the apparatus 
selected and the chemical substance used. 

[0075] If the quantity of the reductant material is suffi- 
ciently in excess of the stoichiometric quantity necessary to 
reduce the halide vapor for quenching the reaction products 
below the sintering temperature of the produced elemental 
material or alloy, it is possible to recover or to remove the 
heat from the excess elemental material and/or the reductant 
material. Thus, it is possible, according to the present 
invention, to produce elemental materials and alloys that do 
not sinter. 

[0076] By way of example, a continuous process reactor 
may be used for the titanium powder and alloy production, 
as shown in FIG. 1. In this process, TiCl 4 , 1, may be injected 
and if not already in the form of a droplet or vapor, be 
converted into that form, 10, and sent to the reactor chamber 
where it will quickly react with H 2 , 2, to form Ti powder and 
HC1. Al (or other corresponding reductant metals or chemi- 
cals), 3, may be injected while being exposed to a heater, 4, 
and combined with the halide droplet or vapor, 5. In the 
reaction chamber the reductant will reduce and control the 
HC1 concentration by forming A1C1 3 and H 2 . Either droplet 
or powder of Al may be used depending on the reaction 
chamber's operating temperature. 

[0077] The carrier gases, not shown, may, for example, be 
Ar or He, depending on the requirement of the H 2 concen- 
tration for the reaction and/or price. Optionally, there can be 
the introduction of seed, by, for example, injection, 9, which 
would facilitate the nucleation of Ti powder and/or the 
formation of an alloy. 

[0078] The production rate, produced particle size, shape 
and density will be functions of the reaction thermodynam- 
ics and kinetics. They can in part be controlled by reaction 
temperature, e.g., a furnace, 6. Ti powder, 8, may be 
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nucleated from the first reaction and grown on the nuclei or 
the added seeds and leave the reactor with the exhaust gas, 
including the residual hydrochloride, TiCl 4 and metal chlo- 
ride, 7. 

[0079] A fiuidized-bed reactor may also be used for Ti and 
Ti-alloy powder production, as shown in FIG. 2. TiCI 4 may, 
for example, be introduced into the system from the middle 
of the reactor and reduced to Ti powder by H 2 in the gas 
phase of the upper portion of reactor. The produced Ti 
powder, which has a relatively small size may be carried out 
from the top of the reactor by the exhaust gas. The continu- 
ous and excess reductant metal pellets with relatively larger 
size will stay and be fluidized by H 2 (or Ar or He or a 
mixture thereof) in the bed to react with the HC1 and control 
the concentration of HC1 in the reactor. 

[0080] Thus as shown in the figure, TiCl 4 in the presence 
of Ar or He, 11, may be injected into a chamber tube that 
contains the reducing gas, 14. Similarly, reductant metal 
powder or pellets may be injected by means of a carrier gas 
of Ar, H 2 or He or a mixture thereof, 12. Optionally, a 
seeding material may also be added, 15. The chamber tube 
may be located within a furnace, 16, which allows one to add 
heat to the system. 

[0081] In the chamber, the TiCl 4 will react to form Ti 
powder, 17, and HC1. The HQ will react with the reductant 
to form a reductant chloride and H 2 , which along with the 
residual TiCl 4 and HQ can be removed by the exhaust gas, 
18. Similarly, unreacted reductant will not be carried away 
with the metal chloride, 13, because of its relative larger 
particle size. Moreover, even if some small size unreacted 
reductant particles will be carried out along with the product 
Ti powder from the top of the reactor by the exhaust gas, 
since they have no physical (or called mechanical) trap with 
Ti powder, they can be easily separated from the Ti powder 
based on the difference of the physical and chemical prop- 
erties between the reductant and Ti particles, such as, 
density, surface zeta potential, magnetic induction, chemical 
stability, etc. 

[0082] A certain gas-flow pattern and turbulence are pref- 
erably included in order to ensure that the concentration of 
HQ in the reactor is controlled by the second reaction, i.e., 
the reaction between the HC1 and the reductant material, 
which is essential for the success of the process. Further, the 
continuous existence of excess of reductant in the reactor 
will increase production rate and product stability. 

[0083] The elemental materials and alloys that are pro- 
duced according to the present invention can by way of 
example be used in applications in which similar substances 
produced by other methods may be used and include, but are 
not limited, to final products, also known as mill products or 
chunky parts, for the automobile, sports and aerospace 
industries. The elemental materials and alloys may be incor- 
porated into these applications by, for example, powder- 
metallurgy techniques such as laser sintering, powder injec- 
tion molding, cold spray and roll forming. 

EXAMPLES 

[0084] While the invention has been described in connec- 
tion with specific embodiments thereof, it will be understood 
that it is capable of further modifications and this application 
is intended to cover any variations, uses, or adaptations of 



the invention following, in general, the principles of the 
invention and including such departures from the present 
disclosure as come within known or customary practice 
within the art to which the invention pertains and as may be 
applied to the essential features hereinbefore set forth and as 
follows in the scope of the appended claims. 

[0085] Experimental Setup 

[0086] The experimental setup for preliminary kinetic 
investigation consists of an H 2 — Ar gas supply system, a 
TiCl 4 supplying system, a reactor and a sampling system. A 
l"-ODx , /8 ,, -thickx2'-long inconel tube was used as the outer 
shell of the reactor chamber. The inconel tube was a nickel- 
based alloy (-75% wt of Ni, -15% Cr and -7% Fe), which 
can operate at temperature up to 1300° C. In order to prevent 
the reactions of the inconel tube with TiCl 4 vapor and 
reductant metals, a 3 /V ! -ODx 1 /s t, -thickx2 t -long quartz tube 
was inserted inside the inconel tube as the inner reaction 
chamber. A Lindberg/Blue tube furnace (Asheville, N.C.) 
was used to heat the reactor, which enables one to increase 
the temperature up to 1100° C. 

[0087] H 2 and Ar were supplied from the standard com- 
mercial cylinders. W'-ID stainless steel tubes were used for 
the H 2 , Ar and TiCl 4 -vapor flow-in transfer. A W stainless 
steel tube was used between the reactor and the sampler for 
the exhaust gas and particle flow-out transfer. TiCl 4 was 
provided as liquid from a stainless steel reservoir and carried 
into the reactor as vapor by H 2 /Ar. 

[0088] In order to avoid the oxygen leaking into the 
reactor, the inside pressure of the reactor was kept slightly 
(1-3 psig) above ambient under the designed mass flow rate. 
The various reaction temperatures in the kinetic study were 
tested. The reaction temperature was first started at 600° C. 
for the selected reductant metal, then gradually increased or 
decreased at -100° C. intervals for each run. 0.2 L/min of 
1-12 and 0.1 L/min of TiCl 4 vapor of the flow rates were 
used as the starting values. If necessary, the liquid TiCl 4 tank 
could be heated to increase the TiCl 4 flow rate (vapor 
pressure). Mg and Al were tested. 

[0089] The experimental procedures were performed in 
the order by reductant metal powder/pellet loading, Ar 
purge, H 2 purge, heating, TiCl 4 and reductant metal intro- 
ducing, seeding, (reaction), cooling, sampling and sample 
analysis. 

Example 1 

[0090] 1 g of Mg powder, (Alfa Aesar, -325 mesh (<44 
//m in diameter), 99.8% purity), placed in an alumina 
crucible of 70 (long)xlO (wide)x5 (high) mm was used as 
the reductant metal for the TiCl 4 reduction by H 2 . The 
experiment was carried out by the procedures described 
above at the temperature of 600° C. for 30 min then at 700° 
C. for 20 min. 

[0091] After the experiment, the color of the 2-mm surface 
powders in the crucible changed from original gray to black, 
and their particle sizes changed to 0.5-2 mm. Most of the 
powders in the bottom of the crucible still retained their 
original color and size of the Mg powder, while some 
particles with metallic shining color and sub-millimeter size 
existed among them, which could be seen by naked eyes. 
Many particles in the diameters of sub millimeters with 
black or metallic shining colors were found in the down- 
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stream reaction tube and the Sampling Vessel. The samples 
were separately collected from the crucible and the Sam- 
pling Vessel and analyzed by scanning electron microscopy 
coupled with energy dispersive X-ray (SEM-EDX) and 
X-ray diffraction spectroscopy (XRD). 

[0092] SEM-EDX detected that about 5% and about 30% 
of the materials in the powders collected from the crucible 
was titanium and magnesium, respectively. Some of the 
titanium particles were trapped with the magnesium par- 
ticles and some stood separately. More importantly, the 
results from SEM-EDX analysis indicates that the powders 
collected from the Sampling Vessel contained about 70% of 
titanium but no magnesium at all. The vapor pressure of 
magnesium at 700° C. is calculated as 0.00987 atm, which 
is not sufficient to reduce TiCl 4 to titanium powder. There- 
fore, the powders, particularly collected in the Sampling 
Vessel should be produced via the TiCl 4 reduction by H 2 . 
More discussion about this is made in example 2 below. 
XRD indicated the existence of crystallized Ti in the sample 
collected from the crucible and found a certain amount of 
titanium monoxide (TiO) in the sample collected from the 
Sampling Vessel. TiO is believed to be formed from the 
oxidation of particulate Ti metal during the sampling pro- 
cess. 

Example 2 

[0093] A control experiment was carried out to confirm the 
function of and the route through the reducing gas, for 
example, H 2 , for the present invention. The experiment was 
conducted in the same way as example 1 except that Ar 
substituted H 2 (no H 2 was used at all). After the experiment, 
no particle was found in the Sampling Vessel and down- 
stream tubes, which was different from the result of example 
1, where a certain amount of the particles were founded from 
the Sampling Vessel and the downstream tube. Therefore, as 
discussed above, the particles in the Sampling Vessel and the 
downstream tube in example 1 were produced via the TiCl 4 
reduction through H 2 . 

Example 3 

[0094] The experimental condition used was the same as 
Example 1 except that the reaction was carried out at 900° 
C. for 30 min then at 1000° C. for 20 min. After the 
experiment, the color and size of all of the powders in the 
crucible were changed. In the crucible orientation, the color 
of all of the powders in the upstream half (about 35 mm 
long) of the crucible became black, while the color of the 
powders in the downstream half (-35 mm long) of the 
crucible became white. Most of the powders in the crucible 
were in the size range of sub-millimeters to 2 millimeters. 
SEM-EDX detected the black powders contained about 75% 
of titanium and about 5% of Mg, and the white powders 
contained about 70% of Mg and 2% Ti. The black powder 
was metallic titanium, while the white powder was MgCl 2 . 
Similar to Example 1, SEM-EDX also indicated that the 
powders collected from the Sampling Vessel and the down- 
stream tubes contained about 50% of titanium but no mag- 
nesium at all. 

Example 4 

[0095] 1 gof Al powder, (Alfa Aesar, -325 mesh (7-15 //m 
in diameter), 99.5% purity), placed in the alumina crucible 



was used as the reductant metal for the TiCl 4 reduction by 
H 2 . The experiment was carried out following the proce- 
dures described above at 550 and 600° C. for 60 and 30 min, 
respectively both of which were below the Al melting point 
of 660° C. After the experiment, about 1-mm-thick surface 
powders in the crucible were changed from the original gray 
color to black and from the original 7-15 //m particle size to 
sub-millimeters and millimeters. A small amount of particles 
were formed in the downstream tubes. SEM-EDX detected 
the powder and flake samples collected from the top of the 
crucible contained about 20% and 40% of Ti, and 60% and 
34% of Al, respectively. XRD indicated that the powder 
consisted of a large quantity of Ti0.36A10.64 alloy. For the 
powder sample collected from the downstream tube, the 
concentrations of Ti and Al were found by SEM-EDX as 
about 23% and 4%, respectively. 

Example 5 

[0096] The experimental condition used was the same as 
Example 3 except that the reaction was carried out at 700° 
C. for 30 min then at 750° C. for 20 min, which was above 
the Al melting point of 660° C. After the experiment, the 
color and size of all of the powders in the crucible were 
changed. About 20% of the powders changed from the 
original gray color to black and from the original 7-15 //.m 
particle size to sub-millimeters and millimeters. The rest of 
unreacted Al powder changed to one big piece with a 
dimension of about 50 (long)x5 (wide)x2 (high) mm and a 
metallic Al color. A small amount of the particles were 
formed in the downstream tubes. XRD detected that a large 
quantity of A^Tiy alloy and a certain amount of Ti metal and 
TiO existed in the sample collected from the crucible. The 
ratio of Al to Ti in the alloy varied from Al 3 Ti to AITi, which 
was different from the results discussed in Example 4 above. 

What is claimed: 

1. A method of producing an elemental material compris- 
ing: 

(a) combining a precursor material with a reducing gas, to 
form an elemental material and a first reaction product, 
wherein said precursor material comprises a halide of 
an elemental material; and 

(b) exposing said first reaction product to a reductant 
material to form a reductant-halide. 

2. A method according to claim 1, wherein said reductant- 
halide has a lower formation free energy than said precursor 
material. 

3. The method of claim 1, wherein said precursor material 
is in the form of a halide vapor or droplet or mixture thereof. 

4. The method of claim 1, wherein the reducing gas 
comprises at least one substance selected from the group 
consisting of H., FLS, NH 3 , CH 4 , CH 3 C1, CHXU, CHCU, 
CH 3 NH., CH 3 SH, CH., CH 4 , CH 6 , C,H 5 C1, C 3 H 4 , 
C 3 H 6 , C 3 H*, C 4 H J0 , C 4 H 8 , C 5 H 12 , CF 4 , CF 3 C1, CF 2 C1 2 , 
CFC1 3 , CHF 3 , CHFX1, CHFCU, CF 3 — CF 3 , CF 3 —CFX1, 
CF 2 C1— CFC1 2 , D2, B 2 H 6 , GeH 4 , and SiH 4 . 

5. The method of claim 1, wherein the elemental material 
comprises at least one substance selected from the group 
consisting of Ti, Al, Sb, Be, B, Ga, Mo, Nb, Ta, Zr, V, Rh, 
Ir, Os, Ru, Pt, Pd, Re, and U. 

6. The method of claim 1, wherein the reductant material 
is a solid or a liquid or a mixture thereof. 
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7. The method of claim 6, wherein the reductant material 
comprises at least one substance selected from the group 
consisting of Al, Mn, K, Na, Li, Ba, Ca, Mg, Be, Ce, Cs, Hf, 
Pa, Rb, Sr, Th, U and Zr. 

8. The method of claim 2, wherein the precursor material 
is comprised of one or more of the moieties selected from 
the group consisting of CI, Br and F. 

9. The method of claim 3, wherein the halide vapor or 
droplet is one or more of TiCl 4 , VC1 4 , NbCl 5 , MoCl 4 , GaCl 3 , 
UF 6 , ReF 6 . 

10. The method of claim 2 further comprising using an 
inert gas as a carrier gas for said precursor material. 

11. The method of claim 10, wherein the inert gas 
comprises Ar, He, N 2 or mixtures thereof. 

12. The method of claim 2, wherein said combining 
comprises introducing the halide vapor or droplet sub- 
merged in the reducing gas; said reducing gas is static or 
flowing; said reductant is a solid or liquid metal; and said 
elemental material is a powder. 

13. The method of claim 2, wherein there is an excess of 
the reductant material over the stoichiometric quantity 
needed to react with the halide vapor or droplet. 

14. The method of claim 13, wherein said excess is greater 
than six percent. 

15. The method of claim 1, further comprising using a 
seed. 

16. A method of producing an alloy comprising: 

(a) combining a precursor material with a seed and a 
reducing gas, to form said alloy and a first reaction 
product, wherein said precursor material comprises a 
halide of an elemental material; and 



(b) exposing said first reaction product to a reductant 
material to form a second reaction product. 

17. A method according to claim 16, wherein said seed 
comprises an element that is the same as an element in the 
precursor material and/or one or more substances that can 
form an alloy with the element material in the precursor. 

18. A method according to claim 17, wherein said seed 
comprises at least one substance from the group consisting 
of Al, Be, B, Fe, Ga, Mo, Nb, Sb, Ta, V and Zr. 

19. A method of producing an alloy comprising: 

(a) combining at least two precursor materials with a 
reducing gas, to form an alloy and at least one first 
reaction product, wherein said at least two precursor 
materials comprise halides of elemental materials; and 

(b) exposing said at least one first reaction product to a 
reductant material to form at least one second reaction 
product. 

20. A method according to claim 19, wherein one of said 
at least two precursor materials comprises TiCl 4 . 

21. A method of producing elemental Ti comprising: 

(a) combining a TiCl 4 with a reducing gas selected from 
the group consisting of H 2 , H 2 S, NH 3 , and CH 4 to form 
Ti and a first reaction product; and 

(b) exposing said a first reaction product to a reductant 
material selected from the group consisting of Al, Mn, 
Mg, Na, Ca, Li, K, Ba, Be, Ce, Cs, Hf, Pa, Rb, Sr, Th, 
U, Zr, Cr0 2 , Cs0 4 , K0 2 , K0 4 , Na0 3 , Na0 4 , Rh0 4 , 
U0 2 , and VO to form a second reaction product. 

* * * * * 
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[57] ABSTRACT 

The invention relates to a process for the production of 
metallic titanium, characterized in that the process com- 
prises reducing a titanium-fluorine compound selected 
from titanium tetrafluoride and any hexafluorotitanate 
soluble in a molten fluoroaluminate, with metallic alu- 
minum in a molten fluoroaluminate. A process for the 
production of intermediates useful in the processing 
ilmenite and related minerals is also described. 
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PROCESS FOR THE PRODUCTION OF 
METALLIC TITANIUM AND INTERMEDIATES 
USEFUL IN THE PROCESSING OF ILMENTTE 

AND RELATED MINERALS 5 

This invention relates to a process for the production 
of metallic titanium and intermediates useful in the pro- 
cessing of ilmenite and related minerals. 

Australia is the major world producer of ilmenite 10 
which is exported for about A $75 per tonne. The cost 
of metallic titanium in ingot form is about A$20,000 per 
tonne. In a more refined form, for example, as the titani- 
umbased alloy from which jet engine fan blades are 
fabricated, the value of metallic titanium is very much 15 
greater. Metallic titanium is, by comparison with most 
other metals and alloys, very resistant to chemical cor- 
rosion and is in great demand in the manufacture of 
chemical plants and for heat-exchangers and other units 
in power plants. Another important application is the 20 
use of metallic titanium in surgical and dental implants 
and supports, an a strength-for-weight basis, metallic 
titanium is stronger than steel and is widely used in the 
construction of supersonic military aircraft. A cheaper 
manufacturing route to the production of titanium 25 
would make feasible its use in civil aircraft to replace 
aluminium alloys which have proved to be subject to 
fatigue failure. This is one of the many applications in 
which the light, strong and non-corrosive metallic tita- 
nium would find wide commercial usage, if available 30 
more cheaply than from current processes. 

Currently, metallic titanium is produced commer- 
cially by two closely related processes. Titanium tetra- 
chloride (TiCli4) is reduced by either metallic sodium 
(Na) or magnesium (Mg). Each process yields an initial 35 
material called 'titanium sponge" which may contain 
10 to 20% of sodium chloride (NaCl) or magnesium 
chloride (MgCh) as products of the initial reaction. To 
avoid inclusion in the sponge of chlorides of titanium in 
lower oxidation states (e.g. TiCh or TiCh), excess re- 40 
ducing metal (Na or Mg) is also in the sponge. Both 
methods of production are batch processes and the 
sponge, on solidification after reaction, must be re- 
moved from the reactor manually. It is reported that 
jack-hammers and even explosives are used. The sponge 45 
is then purified at least three times by vacuum arc-melt- 
ing. The processes are both labour and energy intensive. 

We have now found that a flee-flowing powder of 
metallic titanium can be produced by employing a pro- 
cess which is similar to conventional aluminium smelt- 50 
ing. 

According to the present invention there is provided 
a process for the production of metallic titanium, char- 
acterized in that the process comprises reducing a titani- 
um-fluorine compound selected from titanium tetrafluo- 55 
ride and any hexafluorotitanate soluble in a molten 
fluoroaluminate, with metallic aluminium in a molten 
fluoroaluminate. 

The preferred titanium-fluorine compound is an alkali 
hexafluorotitanate, more preferably, sodium hexa- 60 
fluorotitanate (Na2TiF6> or potassium hexafluorotita- 
nate (K 2 TiF 6 ). 

Preferably the molten fluoroaluminate is a hexa- 
fluoroaluminate, more preferably, cryolite (Na3AlF6). 

In one particular embodiment of the invention, so- 65 
dium hexafluorotitanate (Na2TiF6> or potassium hexa- 
fluorotitanate (K2TLF6) is dissolved in cryolite (Na- 
3AIF6) at about i000° to 1 100° C. and metallic alumin- 
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ium (Al) is added. Aluminium is chosen as the reductant 
because it is compatible with the melt, being oxidized in 
the first instance to aluminium fluoride (AIF3) and then 
interacting with sodium fluoride (NaF) to form cryolite 
(Na3AlF6). In addition, aluminium is much less energy- 
intensive and cheaper to produce than sodium or mag- 
nesium reductants used in the current processes. 

Recovery of metallic titanium is achieved as a conse- 
quence of the relative densities of the reactants and the 
molten medium. Aluminium is less dense than cryolite 
which, in turn, is less dense than metallic titanium. 
Therefore, metallic titanium has a tendency to collect at 
the bottom of the reaction bath and may be tapped from 
that position with molten cryolite. 

The overall reaction for the reduction of Na2TiF6 by 
aluminium to metallic titanium in cryolite occurs in 
accordance with the equation: 

3Na 2 TiF 6 +4Al+6NaF-*4Na3AlF 6 +3Ti 

The pure compound Na3AlFe constitutes a neutral 
molten medium. If the melt is deficient in NaF, i.e. 
contains an excess of AIF3, the medium is acidic. If the 
melt contains an excess of NaF, then the medium is 
basic. 

Na2TiF6 may be reduced by aluminium to metallic 
titanium directly in acidic or basic cryolite i.e. the direct 
reduction from Ti(IV) to Ti(0) may occur. However, 
the ultimate reduction to the metal is preferably carried 
out in neutral cryolite. Under neutral conditions Ti(I V) 
needs to be reduced only to Ti(II), which will dispro- 
portionate spontaneously in neutral medium according 
to the following equation: 

2Ti(II)— Ti(0)+Ti(IV) 

Metallic titanium i.e. Ti(0) is produced, and the 
Ti(IV) regenerated by the disproportionation reaction 
is available for reduction by aluminium to Ti(II) and 
subsequent disproportionation. This cyclic process con- 
tinues until all Ti(IV) is reduced to Ti(0). 

Advantageously Na2TiF6 is added progressively to 
the cryolite bath in order to minimise loss of volatile 
TiF4 which might result from thermal decomposition of 
Na2TiF$. Sodium fluoride (NaF) may be added with 
Na2TiF6 preferably in the ratio 2:1 in order to maintain 
neutrality of the molten cryolite in accordance with the 
above equation. AJuminium may be added in a stoichio- 
metric amount or in excess. 

It will be appreciated that the process of the present 
invention may form the basis of a continuous process 
similar to that used for aluminium smelting. In one ap- 
proach Na2TiF6, Al and NaF may be added to the 
cryolite medium, in which case the product of the reac- 
tion is cryolite itself. A mixture of molten cryolite and 
the suspended metal may then be tapped from the bot- 
tom of the reactor. The solid material produced may 
then be crushed and initial separation of cryolite and 
titanium metal carried out by any suitable known tech- 
nique, for example, flotation or cyclone separation. Any 
cryolite remaining attached to the titanium metal parti- 
cles may be dissolved away from the titanium metal 
using any solution based on a metal cation which will 
complex with fluoride ions, preferably a solution of a 
water soluble aluminium compound, such as a solution 
of aluminium nitrate. 

Since the process of the present invention is similar to 
conventional aluminium smelting, an alternative proce- 
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dure of electrowinning may be used in which Na2TiF6 
and AIF3 are added continuously to a cryolite bath, Ti 
being deposited at a graphite cathode. Advantageously 
a sacrificial anode reaction could be utilized. AIF3 
would need to be added in the correct stoichiometric 
amount relative to Na2TiF6 (4:3) in order to maintain 
neutrality in the cryolite. 

The feedstock for the process of the present invention 
is preferably K 2 TiF 6 or Na 2 TiF 6 . It will be understood 
however that other sources of titanium may be used, 
such as, T1F4. A major disadvantage of HF4 is that it 
reacts readily with atmospheric moisture to form hy- 
drogen fluoride and is difficult and dangerous to handle, 
whereas Na2TiF6and K 2 TiF6are stable in moist air and 
safe and easy to handle. 

We have now developed a process for the safe and 
easy conversion of TiF4 to K2TiF6 or Na 2 TiF 6 . In its 
broadest aspect, this process may be used for the pro- 
duction of intermediates useful in the processing of 
ilmenite and related minerals. 

Further according to the present invention there is 
provided a process for the production of intermediates 
useful in the processing of ilmenite and related minerals, 
characterized in that the process comprises: 



nate ((NH4>2TiF6) which may be used to produce 
K 2 TiF6 or Na 2 TiF6 which is the preferred feedstock 
employed in the process for the production of metallic 
titanium described above. 
5 Preferably the alkali fluoride in step c) is potassium 
fluoride (KF) or sodium fluoride (NaF). 

The alkali fluorometallate produced in step c) may be 
K 2 TiF6 or Na 2 TiF6 which is the preferred feedstock 
employed in the process for the production of metallic 
10 titanium described above. 

In an alternative process, water and optionally base is 
added to the metal fluoride compound dissolved in the 
organic solvent in step a) to produce a hydrated metal 
oxide. 

15 The hydrated metal oxide product from the alterna- 
tive process may be treated to produce a metal oxide 
pigment or a refractory ceramic. 

In a further alternative process, the ammonium fluo- 
rometallate from step b) is pyrohydrolysed to produce a 
20 hydrated metal oxide, an ammonium fluoride and hy- 
drogen fluoride. 

The ammonium fluoride may be optionally recycled 
to step b). 

The hydrogen fluoride may be optionally treated 
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a) dissolving a metal fluoride compound in an organic 25 with silicon dioxide and an alkali fluoride to produce an 

alkali fluorosilicate. The alkali fluorosilicate may then 
be heated to produce silicon tetrafluoride and an alkali 
fluoride. The silicon tetrafluoride may be optionally 
recycled for use in the process for the formation of 
TiF4 from minerals such as ilmenite and the subsequent 
conversion of TiF4 to TiC>2 as described in our co-pend- 
ing Australian Patent Application No. 48186/90. 

The further alternative process may be performed 
using any suitable pyrohydrolysis technique. In a partic- 
ularly preferred embodiment, a flow system having air 
with entrained water vapour may be streamed over a 
bed of the ammonium fluorometallate at temperatures 
sufficiently low to prevent sublimation of, for example, 
TiF 4 from a fluorotitanate (200°-300° C.) or &F4 from 
a fluorozirconate (450°-500 0 C). After an appropriate 
reaction time, typically 4 to 5 hours, the residues are 
hydrated Ti0 2 or ZrC>2. Volatile HF and NH4F are 
carried out of the reaction zone in the air stream and 
may be condensed to form solid NH4F and an aqueous 
solution of HF. The solid NH4F may be optionally 
recycled to step b). The HF may be treated with S1O2 
and KF or NaF to form K 2 SiF6 or Na 2 SiFe which may 
be recovered and heated to about 600° to 700 0 C. to 
yield SiF4 which is recycled to a mineral reactor bed to 
produce further T1F4 and ZrF4 as disclosed in Austra- 
lian Patent Application No. 48186/90. The KF or NaF 
residues may be recycled to step c). 100% recovery of 
Ti0 2 or ZK> 2 and all of the fluoride in the compounds 
volatilized during pyrohyrolysis has been demonstrated 
experimentally for pyrohydrolysis of (NH^TO^ and 
(NH4)3ZrF7 under such conditions. 

The Ti0 2 and Zr0 2 produced by the pyrohydrolysis 
in the further alternative process are hydrated and 
therefore more chemically reactive than the T1O2 and 
ZK) 2 obtained from conventional processes. In the con- 
ventional processing of ilmenite and related minerals 
such as zircon, high-temperature oxidation or hydroly- 
sis reactions are used to convert intermediates into tita- 
nium dioxide (Ti0 2 ) or zirconium dioxide (Zr0 2 ). In the 
chloride process for pigment-grade Ti0 2 production, 
titanium tetrachloride (TiCU) is burned in oxygen 
above 1000° C. to produce Ti0 2 . In the conventional 
production of Zr0 2 , zircon is fused with alkaline mate- 



solvent; 

b) adding an ammonium fluoride to the metal fluoride 
compound dissolved in the organic solvent in step 
a) to precipitate an ammonium fluorometallate 
from the organic solvent; and 

c) dissolving the ammonium fluorometallate from 
step b) in water and adding an alkali fluoride to 
produce an alkali fluorometallate and an ammo- 
nium fluoride. 

The related minerals may include, for example, other 35 
titaniferous ores such as rutile, titaniferous slags or zir- 
con. 

The organic solvent from step b) may be optionally 
recycled to step a) and the ammonium fluoride from 
step c) may be optionally recycled to step b). 40 

Preferably the metal fluoride compound in step a) is 
selected from titanium tetrafluoride, zirconium tetraflu- 
oride and tin tetrafluoride. 

The metal fluoride compound in step a) is often con- 
taminated with an impurity such as a metal oxidefluo- 45 
ride, for example, titanium oxidefluoride. As titanium 
oxidefluoride is insoluble in organic solvents, this impu- 
rity can be separated from the titanium fluoride com- 
pound by dissolving the mixture in an organic solvent. 
The metal oxidefluoride impurity remaining as a residue 
after treatment with the organic solvent can be heated 
to produce the desired metal fluoride compound and a 
metal oxide. The metal oxide may then be treated to 
produce a metal oxide pigment or a refractory ceramic 
or recycled to produce metal fluoride compounds such 
as TiF 4 or ZrF4- 

The organic solvent in step a) is preferably an alco- 
hol, such as, for example, methanol or ethanol. 

Preferably the ammonium fluoride in step b) is se- 
lected from ammonium fluoride (NH4F) or ammonium 60 
bifluoride (NH4HF 2 ). 

The ammonium fluorometallate produced in step b) 
may be ammonium fluorotitanate, such as, for example, 
ammonium hexafluorotitanate ((NRO2 TiFe or ammo- 
nium fluorozirconate, such as, for example, ammonium 
heptafluorozirconate ((NRibZrF?) and ammonium 
hexafluorozirconate ((NH4) 2 ZrF6>. Preferably, the am- 
monium fluorometallate is ammonium hexafluorotita- 
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rials at about 1000* C. and then leached with aqueous KF in 1 ml of water, cooled in an ice bath. The gelati- 
solution. Sometimes the zircon is pre-heated by plasma nous white precipitate formed was collected by filtra- 
techniques to about 2000° C. before leaching. As a result tion and washed with 5 ml of ice-cold water to remove 
the Ti02 and Z1O2 products obtained in these conven- KF. Drying at 105° C. yielded 0.287 g of anhydrous, 
tional processes are refractory not particularly amena- 5 pure K2TiF6. The filtrate was reduced by boiling to 

ble to subsequent purification or other processing. one-third of its volume and cooled to 0° C. A second 

The invention is further described in and illustrated yield of 0.088 g of K2TiF6 was collected. Overall, the 
by the following Examples. These Examples are not to conversion rate of (NIL^TiFe to K2TiF6 was 97%. 

be construed as limiting the invention in any way. Under process conditions, product recovery could be 

EXAMPLEl 10 °P t " n ^ sed b v us * n S a solution saturated with K2TiF6 

^ i ^ ^..^ throughout. 
A mixture of about 30g Na3AlF6 and 1 .9 g of K 2 TiF6 

was melted at 1090° C. in a graphite crucible with a EXAMPLE4 

loose-fitting graphite lid. The inert gas argon was bub- 0.1232g of (NH^TiFe produced as in Example 2 was 

bled through a graphite lance dipping into the melt. A 15 pyrohydrolyzed at 200°-250° C. for 5 hours. The 

total of0.28gofAl and 0.67 g of NaF was added during weight of hydrated Ti02 after pyrohydrolysis was 

the reaction by introducing several small compressed 0.0524 g, representing a nominal recovery of 105%. 

pellets of Al and NaF through the lance. After a period When this material was dehydrated by calcining, the 

of settling, the melt was returned to room temperature weight of TiC>2 was 0.0499 g, representing 100.4% re- 

and the graphite crucible was sectioned. A black pow- 20 covery, Analysis for total fluoride in the NH4HF2Subli- 

der was found to have settled towards the bottom of the mate and in the aqueous condensate containing HF 

solidified melt When this black powder was washed indicated 99.3% recovery, 
free of cryolite with anhydrous hydrogen fluoride, the 

powder was shown by electron microprobe analysis to EXAMPLE 5 
contain metallic titanium. Ignition of the black powder 25 Three pyrohydrolyses at 450*-500 0 C. for periods of 
in air produced white titanium dioxide. Aqueous alu- 4 to 5 hours of (NH^ZrF? produced in a similar man- 
minium nitrate solution was shown subsequently to be ner to Example 2 resulted in indicated recoveries of 
effective in dissolving the cryolite away from the black 99%, 101% and 103% for Zr0 2 and 99%, 102% and 
powder. 104% for total fluoride. 

EXAMPLE 2 30 We claim: 

^ A ^ ^ 1. A process for the production of metallic titanium 

3.60 gofa commercial, crude sample of TiF4 contain- comprising reducing a titanium-fluorine compound 

ing large amounts of titanium oxidefluoride as an impu- selected from titanium tetrafluoride and any hexa- 

rity, was stirred for several hours in methanol. The fluorotitanate soluble in a molten fluoroaluminate, with 

resulting solution was separated from the white insolu- 35 metallic aluminium in a molten fluoroaluminate. 

ble residue and added to a saturated solution of 2. A process as claimed in claim 1, wherein the titani- 

NH4HF2 in 250 ml of methanol. An insoluble white urn-fluorine compound is an alkali hexafluorotitanate. 

precipitate of (NR&TiFe was formed immediately. 3. A process as claimed in claim 2, wherein the alkali 

After filtration, washing with methanol and drying in hexafluorotitanate is sodium hexafluorotitanate (Na2- 

air, the mass of (NH4>2TiF6 was 5.10 g, corresponding 40 TiLF6> or potassium hexafluorotitanate (K2TiF6>- 

with an initial weight of 3.19 g of TiF4 in the crude 4. A process as claimed in claim 1, 2, or 3, wherein the 

starting sample. molten fluoroaluminate is a hexafluoroaluminate. 

This example demonstrates the ease of recovery of 5. A process as claimed in claim 4, wherein the hexa- 

(NH4>2TiF6 from TOm and the efficiency of the separa- fluoroaluminate is cryolite (Na3AlF$). 

tion by dissolution in methanol of TiF4 from accompa- 45 6. A process as claimed in claim 4, wherein the hexa- 

nying oxidefluorides. fluoroaluminate is neutral cryolite (Na3AJF6>. 

EXAMPLE 3 ^' ^ P rocess 35 c * amied m claim 1, 2, or 3, wherein the 

1 ^ ~" alkali fluoride is added so as to preserve the stoichiome- 

0.3 18g of (NH4>2TiF6 produced as in Example 2 in 5 try and the neutrality of the molten fluoroaluminate. 

ml H2O was added dropwise to a solution of 0.218 g of 50 * * * * * 
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■IN THE UNITED STATe^^AtEl^f AND TRAB^MARK.6F^16E 

APPLICANT; Jawad Haidar 
i SERIAL NO: 10/560,804 
i FILED: December 15 s 2005 



,) 6r<wp Art Unit; 7414 
) 

) Examiner; Zhu, Weiping 
) Docket: CU-4560 



A METHOD AND APPARATUS FOR THE PRODUCTION OF METAL 
COMPOUNDS 

THE COMMISSIONER FOR PATENTS 

BQK14S0 
Alexandria; V&Sgm&HS® 

APFrDAVIT: UNDER 37 CFR 113Z 

%Sma$ Haidar, the inventoried in the: applfcafion for le^ere patent of the 
United States fop an invention entitled A METHOD ANE* APPARATUS FOR THE 
PRODUCTION OF METAL COMPOUNDS, Serial NO. 10/566,804, filed December 
*5, deelareas follows: 

1)1 m:9^k0!A!m^^ for the Commonwealth Scientific and Industrial 
: Research Orggijisaflorj {CSIR0), GSIRO istheA^ 
national research laboratoiy and lis classified by the intematidiiailSciehtiftOrlns^ 
{iSl)a^o^theto GStROin 1990. 

I obtained a Doctorate degreeand a Master degree from University of iRaffe 
(Frapoef. My re$earoh sateer ftci tides extensive wojic oneleeWearos, eleoteic 
discharges^ modelling of mwGWflm plasma vapour deposition and materials 
synthesis, Myworkon arc discharges led to the discovery ofimportant basic 
phenomena In arc physics and mlhe; late 1990s I developed the first ever numerical 
simulation of droptetformation of arc welding. % experimental activities also 
included developing^technologi!^ for inanopowder production and physical vapor 
^reposition of tetf ahedral carbon- 1 jregularfy attend scieritific cpnferenceaand receive 
and read Mfnerous scientific joumali I am the sole inventor of the invention the 
subject Of the present application. 

•r US patent na 
and describe its relevance (if any) to the invention the 
present application. The method disclosed by Kametani et at, does not 
use aluminium as a reducing agent In col 12, lines 540, it is stated that the purpose 
of including alumintam with the reducing agent is to produce a titamum^alurninium 
composite powder, suggesting that the aluminium is not the reducing agent as it is 
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Conserved through the reduction process. Indeed it is well known to me that 
reactions between titanium ohteiides and magnesium {or sodium) are more 
feyqureble than reactions between titanium chlorijdes and aluminium. The Gibbs free 
energy for reacting TiCU with M ls«102 kJ/mole While this energy is -468 Wot Mg 
and ^QOfcJ/mole for Na, ThlsmeanS that In the. presence of Mg or Na, TiGU is 
unlikely to react with anything else], i \ 
i | ; 3) Figures 1 and 2 below depict the results of calculations I have recently 

[\ \ \ perfbrhied for the reactions which theoretiGaNypossibJe for ehernical 
j| ; i compositions having* mixtureof^ 

| ! J m Figure % For Mg, Na and Al, to^&oichiometric amount required to reduce 1 thole 

• ^v^mMmS^^^I^ 4 moles and 1 .30 moles. Including excess Al In the , 
calculations in Figures 1 and 1 Is Intended to show that the presence of excess Al . 
does not improve reactivity between TlO, and Al. The results in Figures 1 and 2 
were obtained using Outokumpu HSC chemistry, a renowned commercial package, 
and clearly show zero reactions between TiCU and Al, This confirms to me thatj In 
the presenceoflUlg or Na, TiGU will not react With Al. The amount of AlCljformed in 
both cases is nil. Thus, it is my understanding that because Kametani et al require 
the.presence of either Na orMg, if Al were added for alloying wife Ti to form a Ti«AI 
alloy, theAl wouldnot react atall witbTi©!*. j 
4) To emphasise this polntl ifif plgufe a t shoW the results Of a similar j 
calculation for a composition Including 10 moles of Al. Here, even with the presence 
, of Mghjy excessive amounts of Al fefativeto Na, there are absolutely no reactions * 

I between TiGr4 and Al.Tbe results in Figures 1,2 and 3 prove to roe that for the 
\ method disclosed by Kametani wherein titanium tetrachlorides is reduced by 
molten agent fnduding Mg -of Na* Al cannot be a reducing agent when present in the 
molten reducing agent 

$} i; have also been asked to consider and describe what reactions would be 
likely to cfccur If Al were to act as a reducing agent irr the methods described in 
Kametani Kametani requires hfs reactions to occur at 650 C (The temperature 
required for TIGI4 throughoutthe specifications)* Reactions between Al and TiCU at 
650 C, is a one step process leading; directly to formation of AI3Ti(sol|d) and 
AITI(sdlid) (as is depicted in Figure 3 of the article by Murphy which was also cited by 
the Examiner). As such, at a temperature of 650 G (~90G K), the reaction between j 
TiCU and Aluminium would be a single step reduction process and not a two-step \ 

; ; process as is the case in the preseM application. Our technology attempts to solve 
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j problems associated vwtft the^He st6> pFocess t namely the formation of multiphase 
i compounds (AI3Ti and AITi as InMurjphy-Figure 3). 
; 6) I have also been asked to review a paper by Or A B. Muipny entitled 
: "Equilibrium calculations of the reduction of titanium tetrachloride by aluminium and 
hydrogen 1 , published In High Temperature Chemical Processes, volume 3, pp. 365- 
374 (1994), and describe its relevance (if any) to the methods described In Kametani 
at al and to the invention me subject of the present application. 

?) The results of Murphy are relevantonly in extreme conditions at high 
temperatures in excess of 300& K Wherein all reactants are gaseous, as clearly 
explained ln Section 4 of his paper, ier ttie inventton thesubjeot of the present 
application, reactions typically stai* a) less than 20Q O (- 450 K) and then the 
, temperature is increased to 1000 j?.|H7»JQ. Also, tor the present application in 

Stage 1 of the pFooess, Al powder or flakes With a limited surface area are used, and 
; «^e^ to|«&oJ8BalB$eiB& &k&4d on «ftj*fllJtfwi^en* Thus, whilst tie 
■ results of Murphy indicato that reactions between TiCI* and Al can occur, they am 
1 not diteetly relevant to ifee invention ^esubject of me present appii^^ 

above and toe disclosure Of Kametani for several reasons: a> in the presence of Mg 
orNaasinl^metoni:, TiGl* would not react with Al, b)-the results oTMurphy are not 
valid at the temperatures required by Kametanl, and c)- Murphy clearly states that 
;his results may be useful tor applications In production of titanium*aluminiuro alloys 
only if 'me reaete.Rtsare heated to high temperatures and then cooled to condense 
the resulting gases; this goes opposite to the teaching of Kametani. 
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Figure 1; Equilibrium composition for a mixture gf 1 mole 71014 *2 moles Mg * 2 moles Al. 
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Figure 2: Equilibrium composition Tor a mixtureof 1 mole TIC14 + 4 moles Na + 2 moles Al. 
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true and all statements made on information and belief are believed to be true; and 
further that these statement were made with the knowledge mat willful false 
statements and the like so made are punishable by fine or imprisonment or both, 
under Section 10.01 ofTWe 18 of 1he United States pode, and that such willful false 
statements may jeopardize Ihe validity ofthe application or any patent issuing 
thereon. 
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Al8Xandna ? VA 22313^14SD 

AEFIBA^IT,UNBER 37, CFR ;1 

I, Antfooiiy B Murphy, the IMauthortf^ of 
the ;i^Udlon of1itantorn tetmefilonder by alumittium and hydrogen', 



yb!ume$, pp. 365-374 (1994), declare as follows: 

of the 

aluminium and titanium tetrachioTide, 
assumptten of chemical equilibrium. The oalculations indicate 
that, forsome mbchur^ oftfcs ^ov#ubsfen^ ^(IJitantutri and aoild titariiam 
aluminides can be formed attempergtures below about 300Q K. 

ty In Ihtefjjreting the results of tfiese^ldulefflonsi. it is vital to fake into account 
the assumption Of chemical equiilibflarrt 3hat urtdeili^: the calculations, Ghemlcal 
equilibrium o^lotilations -are basedOh the,a$sumption#at sill chemical reactions run 
to completion. For Ms assumption to be valid; the following must all be true: 
1 The reactanfs for each reaction must have sufficient energy to overcome the 
jSHftergy barrier for that reaction ) 

there must -be sufficient time allowed for each reaOtiOn to fiunio com pletion; 
The reaotants must be able to make good contact with eaeh other, so that the 
reactewits should all be In theses: or possibly liquid phase. Alternatively one 
reactant could be in solid i^, but should have a very laige surface area to 
volume ratio beih tianopowder form) to allow good contact with the 
other rearctants. 

ty Each of these threg requirements is favoured by high temperatures. At high 
temperatures, requirement 1 is more likely to be satisfied because the reaotants 
have greater energy, requirement^ fe more likely to be satisfied because reaction 
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rates are,;higber, and reauiremeDt ais more ftkely to be-satisfied because the 
reaetanisare more likely to be in the gas phase. 

4) The paper was written to assess the viability of conversion of titanium 
tetrachloride to titanium using aluminium or hydrogen or both alomfnium and 
hydrogen combined as reducing agents. As Is made clear iln Section 4 of the paper, 
thei sohemethat was being assessed involved; heating of ajl reactants to a 
temperature atrwhich only gaseous-species were present about 3000 K or higher. 
The g«»ffli)!ta WNLften beeQ^ tMW^&Wto*^****^ reactions 
to itun to completion. As the mixtufe! pocted, liquid and solid substances would be 
formed. T^ealeulations presentekiih the paper predicted mat some conditions 
these substances would be titanium and titanium algmlnides. 

5) The memods>use^ 

other, and diffusion of chemical speefesihrough solids is very stow. Further, at the 
lower temperatures at whlch condonsedspedes are present, the reactants are less 
likely to have sufficieBt energy to overcome energy barriers, and the rates of 
reactions are slower. Mence the ^hemieal equilibrjunrassumption is notapprdpriate, 
and the oateulations are not applicable, 

I fijimer^ecTare'that all statements made herein dfmayown knowledge are 
true and all statements made on Information and belief are believed to be true; and 
i statements-were triade wltfcthe knowledge thafewillful false 

i made arel ptinishabfe by tihe or imprisonment, or both, 
under Section tOOi of Title 1;8 of (he- United States Code> and that such wiftfUl false 
statements 

thereon. . . 




